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ABSTRACT
Organisms exhibit suites of life history traits which enable them to respond to environmental
stimuli and increase fitness. However, the relationship between organism traits and the
environment is not unidirectional, rather they are in a state of constant interaction. To further our
understanding of the interactions between the environment and organism phenotypes, this
dissertation focuses on a group of insect scavengers, the burying beetles (Coleoptera: Silphidae:
Nicrophorus) which utilize carrion to initiate reproduction and feed developing young. Here I
apply ecological and molecular methodologies to demonstrate that behaviors provide an
important ecological service by sequestering carrion in forest ecosystems. I also suggest that the
physiological processes coordinating the onset of oogenesis is mediated by nutritional cues and
demonstrate that these same hormones are differentially transferred to eggs depending on species
level differences in the provisioning of post-hatch parental care. This dissertation demonstrates
the interconnectedness amongst various ecological themes by showing how organism physiology
and behavior contribute to organism life history traits, and how these same traits contribute to
ecosystem processes. In addition, this dissertation demonstrates that the integration of
ecologically themed science experiments into the classroom improves student scientific process
self-efficacy.
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INTRODUCTION
Organisms exhibit a suite of life history traits that enable them to respond to
environmental stimuli and increase fitness (Stearns, 2000). The expression and retention of these
phenotypes across generations is the result of selective pressures such as predation and food
availability, which can alter the survival and reproduction of one individual relative to another
(Darwin, 1859). If these same phenotypes continue to aid in organism fitness across multiple
generations, natural selection posits that these adaptations will become more abundant within a
population (Darwin, 1859). As a result, selection pressures result in the diversification and
specialization of species with traits that improve their fitness in their current ecological niche.
Despite the evolution of traits which increase an organisms’ fitness, individuals within a
population will experience variable environmental conditions across their lifespan. This
environmental stochasticity poses a conflict for an individual, as it has the potential to reduce or
increase their reproductive success during their lifetime (Lenormand et al., 2009). In response,
organisms often exhibit behavioral plasticity which enables them to modify their behavior to
account for environmental stochasticity (Foster, 2013; Foster et al., 2015; Gross et al., 2010;
Wong & Candolin, 2015). Behavioral plasticity is recognized as an important mechanism for
evolution given the lability of various behaviors in response to environmental stimuli (Blomberg
et al., 2003; West-Eberhard, 1989). For example, if these behavioral modifications occur in large
enough subsets of the population, and under appropriate conditions, they may persist over time
(Duckworth, 2009). This continued expression of specific behaviors can subsequently lead to
evolution of behaviors within a population (Casasa & Moczek, 2018; Pfennig et al., 2010; Price
et al., 2003).
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One important behavior that has evolved to enhance an organism’s reproductive success
across a variety of taxa is parental care (Royle et al., 2012; Clutton-Brock, 1991). The evolution
of parental care is often preempted by environmental factors which influence offspring success.
For example, systems which exhibit maternal and bi-parental care frequently experience high
predation risk, parasitism, or unpredictable resources (Clutton-Brock, 1991; Costa, 2006; Royle
et al., 2012; Wilson, 1971). In these contexts, parental care includes behaviors ranging from
oviposition site selection to increasingly complex behavioral repertoires such as offspring
provisioning (Royle et al., 2012). Despite the parental cost incurred by these behaviors, they are
retained in populations due to their effects on offspring fitness, which include enhanced offspring
survival, quality, and/or reproductive success. This improved offspring fitness also ensures the
parent’s own reproductive success through the continued inheritance of their genes through
future generations (Clutton-Brock, 1991; Royle et al., 2012).
Given the energetic cost of reproduction and parental care behaviors, the onset of these
behaviors is tightly coordinated by both environmental and physiological mechanisms. In many
taxa, hormonal control of reproduction and offspring care are coordinated with environmental
conditions which ensure offspring success (Angelier et al., 2016; Freeman et al., 2000; Martínez
et al., 2019; Roy et al., 2018; Trumbo, 2002). Under these conditions, appropriate cues can exert
positive feedback on hormone upregulation to prolong specific behaviors. For example, in
mammals and insects, the continuation of parental care behaviors requires offspring stimuli such
as feeding, begging and offspring age to mediate the maintenance of parental provisioning
(Freeman et al., 2000; Mas & Kölliker, 2008; Quillfeldt et al., 2006; Scott & Panaitof, 2004).
The same physiological mechanisms that regulate the onset of reproduction also appear to
contribute to offspring fitness. This is evident across taxa, as female birds, fish, and insects
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transfer hormones to eggs in response to various environmental cues (Crocker & Hunter, 2018a,
2018b; Giesing et al., 2011; Groothuis, Müller, et al., 2005; Groothuis & Schwabl, 2002; Paquet
et al., 2020; Sopinka et al., 2017). These adjustments are most well-studied in birds, where
female egg hormone transfer has the potential to adjust offspring traits in response to laying
order and environmental conditions (Gil, 2003; Groothuis & Schwabl, 2002; Love et al., 2008;
Muller & Groothuis, 2013; Reed & Vleck, 2001). Offspring which hatch from these eggs
subsequently have altered developmental, behavioral, and morphological traits which
subsequently impact their fitness (Eising et al., 2006; Gil, 2008; Groothuis, Müller, et al., 2005).
However, few comparative studies exist which investigate the relationship between egg hormone
transfer and organism life history traits, particularly in relationship with maternal investment in
post-hatch care (De Groef et al., 2013; Love et al., 2009). As a result, we still have limited
understanding of the adaptive benefits of egg hormone transfer in relation to organism life
histories.
Despite the role that environmental factors play on the development of organism life
history characteristics, the relationship between them is not unidirectional. Rather, the
environment and organism life history exist in a state of constant interaction where each exert an
effect on one another. More importantly, the evolution of various behaviors has the capacity to
modify the environment in which these organisms live (Jones et al., 1994). For example,
behaviors can contribute to habitat structure (Wright et al., 2002), community assemblage
(Calderon-Cortes et al., 2016; Dauber & Wolters, 2000; Davidson & Lightfoot, 2008), and
nutrient release (Bump et al., 2009; Dauber et al., 2001; Frost & Hunter, 2004; Shukla et al.,
2013). As an example, consider termites, which construct large nest structures that protect
individuals in the colony from harsh environments. In addition to the security provided to
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individuals within the colony, the activities and nest structure of this group contribute to soil
characteristics such as nutrient availability and structure (Jouquet et al., 2011). In sum, behaviors
which increase organism fitness also serve an essential role in maintaining ecosystem processes
(Losey & Vaughan, 2006; Yang & Gratton, 2014).
To further understand interactions between the environment and organism phenotypes, I
focus the topic of my dissertation research on a group of insect scavengers, the burying beetles
(Coleoptera: Silphidae Nicrophorus). This group of insects has evolved elaborate parental care in
response to unpredictable resource availability which is necessary for reproduction (i.e.
vertebrate carcasses) (Milne & Milne, 1976; Pukowski, 1933; Scott, 1998). Once beetles secure a
carcass, they bury it below-ground and use it as a nutritional resource for their developing young
(Scott, 1998). Although this reproductive behavior has historically and anecdotally been
considered a facilitator of nutrient release, only one recent study has quantitively demonstrated
this in the lab (Hoback et al., 2020). As a result, I seek to add further insight into how the
reproductive and parental care behaviors exhibited by burying beetles contributes to nutrient
sequestration and release into the forest ecosystem.
I also seek to further our understanding of the physiological mechanisms regulating the
onset of reproduction in this system, as well as the relationship between life history traits and
female egg hormone transfer. Historically, juvenile hormone (JH) has been regarded as the
primary regulator of insect vitellogenesis (Santos et al., 2019). However, this hormone does not
appear to entirely initiate oogenesis in the burying beetle (Panaitof & Scott, 2006), although JH
upregulation and ovarian development is stimulated by discovery of the carrion resource (Scott
& Traniello, 1987; Trumbo et al., 1995; Wilson & Knollenberg, 1984). In addition, there is
increasing recognition that the regulation of insect reproduction is more complex and involves a

4

variety of signaling pathways which include ecdysteroid hormones (Raikhel et al., 2005; Roy et
al., 2018; Swevers & Iatrou, 2009), especially in insects that rely on nutritional cues to initiate
oogenesis (Adams et al., 1985; Badisco et al., 2013; Bodin et al., 2007). However, no studies to
date have quantified female ovary ecdysteroids in relation to environmental stimuli in
Nicrophorus, despite their dependence on ephemeral nutritional resources to initiate
reproduction. Finally, despite evidence of egg hormone transfer in burying beetles (Paquet et al.,
2020), we have yet to understand how this may vary in relation to the levels of parental care
exhibited within this family (Capodeanu-Nägler, Prang, et al., 2018; Trumbo et al., 2001).
As scientists, we have a responsibility to provide learning opportunities that promote
science awareness and understanding. Recently, the field of STEM education research has placed
priority on reforming educational practices to improve science literacy and students’ skill
development (Vision & Change, 2011). In particular, the development of Next Generation
Science Standards (NGSS) for K-12 curriculum emphasizes the importance of developing
student understanding and application rather than memorization of facts (National Research
Council, 2012). As such, we’ve seen the integration of active-learning practices as one important
mechanism for improving student learning (Wieman, 2014).
These strategies have the capacity to influence student self-efficacy, an important driver
of student retention in the sciences (Lent et al., 1986). However, to my knowledge, there are no
studies investigating how the integration, and number, of inquiry-based learning opportunities
may contribute to middle school student self-efficacy with respect to the scientific process.
Given this lack of understanding, my final study assesses how repeated engagement with
inquiry-based learning impacts student self-efficacy specific to the scientific process.
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CHAPTER 1: INSECT REPRODUCTIVE BEHAVIORS ARE IMPORTANT
MEDIATORS OF CARRION NUTRIENT RELEASE INTO SOIL
Publication Citation: Woelber-Kastner, B.K., Frey, S.D., Howard, D.R., and Hall, C.L. Insect
reproductive behaviors are important mediators of carrion nutrient release into soil. Sci Rep 11,
3616 (2021).

ABSTRACT
Current declines in terrestrial insect biomass and abundance have raised global concern for the
fate of insects and the ecosystem services they provide. However, the ecological and economic
contributions of many insects have yet to be quantified. Carrion-specializing invertebrates are
important mediators of carrion decomposition; however, the role of their reproductive activities
in facilitating this nutrient pulse into ecosystems is poorly understood. Here, we investigate
whether insects that sequester carrion belowground for reproduction alter soil biotic and abiotic
properties in North American temperate forests. We conducted a field experiment that measured
soil conditions in control, surface carrion alone, and beetle-utilized carrion treatments. Our data
demonstrate that Nicrophorus beetle reproduction and development results in changes in soil
characteristics which are consistent with those observed in surface carrion decomposition alone.
Carrion addition treatments increase soil labile C, DON, and DOC, while soil pH and microbial
C:N ratios decrease. This study demonstrates that the decomposition of carrion drives soil
changes but suggests that the behaviors of insect scavengers play an important role in the release
of carrion nutrients directly into the soil by sequestering carrion resources in the ecosystem
where they were deposited.
6

INTRODUCTION
Historic declines in terrestrial insects have been documented globally (Hallmann et al.,
2017; Sánchez-Bayo & Wyckhuys, 2019; van Klink et al., 2020). Among these declines, both
specialist and generalist insect populations have been effected, with Coleoptera (beetles) and
Lepidoptera (butterflies and moths) experiencing elevated annual rates of decline relative to
other insect taxa (Sánchez-Bayo & Wyckhuys, 2019).These patterns of decline are well
understood in temperate regions relative to tropical ecosystems (Sánchez-Bayo & Wyckhuys,
2019; van Klink et al., 2020); however, our knowledge of susceptible insect groups is
constrained to measurements of overall insect abundances and to species in well studied taxa and
ecosystems. Regardless, these observed declines have raised concern among scientists regarding
the potential impact that reduced insect populations may have on ecosystems. For instance, in
addition to serving as a primary food source for a variety of organisms, insects provide other
ecosystem services which are valued at approximately 57 billion USD annually (Losey &
Vaughan, 2006). However, insect effects are often overlooked based on their relative
contribution to total biomass across ecosystems, particularly in comparison to plant and
microbial biomass (Bar-On et al., 2018). Yet, research has demonstrated that insects can have
strong indirect effects on soil and nutrient availability (Calderon-Cortes et al., 2016; Frost &
Hunter, 2004; Hunter, 2001; Jouquet et al., 2011; Lobry de Bruyn & Conacher, 1990; LópezHernández, 2001; Nichols et al., 2008; Nkem et al., 2000; Shukla et al., 2013; Yang & Gratton,
2014). Still, there remains a large gap in the literature with respect to how less well-studied
insects and their behaviors modulate soil habitat and nutrient availability.
Across ecosystems, carrion serves as a long-lasting and concentrated source of nutrients
(Barton et al., 2013). Although the contribution of large carrion to soil nutrients and microbial
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biomass is well-documented (Benninger et al., 2008; Bump et al., 2009; Danell et al., 2002;
Melis et al., 2007), few studies investigate small vertebrate carcasses and the role of individual
insect behaviors in the release of these concentrated nutrients. Rather, the majority of studies
document necrophilous insect succession patterns to understand how community assemblages
contribute to carcass degradation (Anderson & VanLaerhoven, 1996; Barton et al., 2017;
Benbow et al., 2013; Matuszewski et al., 2011), with results indicating insect activity is essential
to increasing decomposition rates (Bornemissza, 1957; Kočárek, 2003; Matuszewski et al., 2011;
Parmenter & MacMahon, 2009; Payne, 1965; Pechal et al., 2014). Although it is recognized that
insect behaviors are important contributors to decomposition, few studies have directly
quantified how specific behaviors, such as those related to mating and reproduction, may
contribute to soil nutrient cycling and the microbial community.
Burying beetles (Coleoptera: Silphidae: Nicrophorus) are well-suited for investigating
how insects modulate carcass decomposition, as they scavenge and sequester carrion
belowground and utilize it as a reproductive resource (Pukowski, 1933; Scott, 1998). Species
such as Nicrophorus orbicollis locate carcasses during flight by detecting volatized chemical
cues, and immediately following carrion discovery, a male and female burying beetle pair will
collaboratively work to bury the carcass to variable depths within the soil (Milne & Milne, 1976;
Pukowski, 1933). During burial, beetle pairs will strip the fur or feathers from the carrion and
roll it into a mass of meat referred to as the brood ball (Milne & Milne, 1976; Pukowski, 1933;
Scott, 1998). Beetle pairs will copulate frequently during this time (House et al., 2008; Müller &
Eggert, 1989; Pettinger et al., 2011), while also coating the carcass with oral and anal exudates
containing antimicrobial compounds that delay microbial-mediated decomposition (Arce et al.,
2012; Duarte et al., 2018; Hall et al., 2011; Rozen et al., 2008; Shukla et al., 2013). During
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carcass burial and preparation, females lay eggs in the surrounding soil (Milne & Milne, 1976;
Pukowski, 1933; Scott, 1998) and after approximately three to five days eggs hatch and larvae
arrive on the carcass where N. orbicollis pairs provide biparental care to developing young
(Scott, 1998; Trumbo, 1991). Approximately 8-11 days following larval arrival on the carcass,
parental care is terminated and larvae disperse in the surrounding soil, where they pupate, then
eclose as adults (Scott, 1998; Trumbo, 1991).
Recent research demonstrated that in forest habitats, burying beetles are able to sequester
up to 75% of small vertebrate carrion (e.g., field mice) for reproduction (Trumbo, 2016),
indicating that beetles are one of the primary insect groups engaged with facilitating the
decomposition of small carrion in forest ecosystems. However, although carrion sequestration by
Nicrophorine burying beetles has historically and anecdotally been considered an essential
process to facilitate nutrient release into soil (Pukowski, 1933; Trumbo, 2016), recent research is
the first to quantitatively support this, albeit in an artificial lab setting (Hoback et al., 2020). Here
we describe an experimental field study designed to assess whether burying beetle reproduction
affects soil nutrient cycling and microbial biomass relative to surface carrion decomposition
alone (i.e., no insect involvement) in a northern deciduous forest. Our objective was to determine
how beetle-mediated carcass burial and utilization affects soil abiotic and biotic properties in
comparison to soils with no biological input and determine whether these changes were
consistent to those observed during carrion decomposition in the absence of these insect
behaviors.

METHODS
Burying Beetle Collection and Maintenance
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N. orbicollis was captured in the summer of 2018 at the University of New Hampshire’s
(UNH; Durham, NH, USA) forest sites located at Kingman and Woodman Farms using 5-gallon
above-ground pitfall traps baited with aged chicken liver (Bedick et al., 2004; Leasure et al.,
2012). Wild-caught beetles were maintained in the lab for approximately two weeks in solitary
acrylic containers (Pioneer Plastics, 109.53 mm x 57.15 mm x 44.45 mm) filled with moist peat.
Beetles were maintained under a 14:10 day:night light cycle, provided water ad libitum, and fed
raw pork loin twice weekly.
Experimental Design
To determine the effect of carcasses and burying beetle reproductive behaviors on soil
biotic and abiotic properties, field site treatments were set up during the summer of 2018. Plots
were established in a mixed deciduous forest at UNH Kingman Farm at the onset of the N.
orbicollis reproductive season in June. Dominant trees species at the site are Red Maple (Acer),
Black Oak (Quercus), American Beech (Fagus), Ash (Fraxinus), and Birch (Betula). Eight (1 m2

) plots were established approximately 30 m apart. Each plot contained the following

treatments: no input (i.e., control, C), carcass only (CO), and a carcass with a burying beetle pair
(CB). Based on lower than expected burying beetle breeding success rates in the field from a
preliminary study (see supplementary materials for preliminary study design and results)
(Trumbo, 1990, 1995; Wilson & Fudge, 1984), there were six replicates per plot for the burying
beetle (CB) treatment, while there were three replicates per plot for each of the control I and
carcass only (CO) treatments, with treatment replicates within a plot later homogenized. To
confine the burying beetles to one carcass and prevent other insects from accessing it, each
carcass (previously frozen, freshly thawed mouse; 31.57 g ± 1.41; Rodent Pro, Evansville,
Indiana, USA) was placed within an aluminum mesh enclosure (10 cm-3) containing soil
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excavated from the plot from which visible invertebrates and fine roots were removed.
Enclosures were installed within the organic horizon to the depth of the mineral soil (~5 cm).
They were placed in rows, with each individual enclosure separated by 10 cm. Following
placement of enclosures, the entire plot was covered with a barrier constructed of galvanized
metal hardware cloth (½ in x ½ in) that was secured in place with wooden stakes to prevent
vertebrate scavengers from disturbing the plot.
Each enclosure was destructively sampled 21 days following its placement in the field.
Samples from each enclosure (i.e., soil, carcass, larvae) were placed in an individual zip-top
plastic bag and chilled in a cooler during transport back to the laboratory. On the same day of
collection, samples were sieved (<2 mm) to remove coarse roots (>2 mm), rocks, carcass
remains, and burying beetle larvae. Fine roots (<2 mm) remained in the sieved soil sample. For
CO and CB treatments, the final mass of the carcass was recorded. In addition, reproductive
success (offspring production) or failure (no offspring) was recorded for CB treatments.
Following soil processing, all replicates from the same treatment within a plot were combined
and homogenized. The only exception to this occurred when CB treatments failed to produce
offspring (current study N. orbicollis successful breeding rates: ~ 66%). In these situations, CB
treatment replicates which produced offspring were homogenized, while any failed CB
treatments within that same plot were omitted, as the focus of this study was on successful
burying beetle reproduction. Following homogenization, all soil samples were stored at 4 ˚C
until further lab analyses were performed for approximately 1 week. Following treatment
homogenization, final treatment sample sizes (n) were as follows: C = 8, CO = 8, CB = 8.
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Soil chemical analyses
Soil moisture was determined gravimetrically by drying subsamples (~5 g) at 60 ˚C for
48 h. Soil pH was evaluated using a digital pH probe (Cole-Palmer, Vernon Hills, IL) in a 1:10
soil: water suspension. Inorganic N was determined by extracting soil with 2 M KCl (1:5
wt:vol), filtering (#40 Watman filters), and quantifying the concentration of nitrate (NO3- ) and
ammonium (NH4+) calorimetrically using a multi-detection microplate reader (SynergyTM HT,
BioTek Instruments, Inc., Part #7091000, Winooski, Vermont, USA) at 540 and 640 nm,
respectively. Nitrate quantification was determined by the vanadium (III) reduction reaction
(Braman & Hendrix, 1989) while ammonium was determined using the indophenol-blue method
(Sims et al., 1995). The detection limits for both NH4+ and NO3- was 0.1 ppm (Contosta et al.,
2011).
Total soil C and N were determined by dry combustion of finely ground samples using a
Costech C/H/N/S Elemental Analyzer. Labile C (carbon mineralization) was estimated using a
30-day incubation with soil subsamples (10 g) sealed in 0.933 L Mason jars incubated at 25 ˚C.
Headspace samples were collected daily to determine atmospheric CO2 concentrations using a
LI-COR infrared gas analyzer (Model LI-6252, LI-COR Biosciences, Lincoln, NE). Jars were
flushed with CO2-free air following each headspace sampling to maintain O2 levels.
Microbial analyses
Microbial biomass C and N were determined on 0.5 M K2SO4 soil extracts (1:3 wt:vol)
following chloroform fumigation (Brookes et al., 1985; Vance et al., 1987a, 1987b). Dissolved C
and N concentrations in the extracts were determined using thermal oxidation with near infrared
carbon detection followed by chemiluminescence nitrogen detection on a Shimadzu TOC-L with
an attached TNM-L unit.
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Microbial community composition was determined using phospholipid fatty acid (PLFA)
analysis. Microbial lipids were extracted from 1 g of sieved, root-free freeze-dried soil that had
been stored at -80 °C until analyses began. Lipids were extracted by utilizing a single-phase
solvent (chloroform) combined with phosphate buffer which was based on a modified Bligh and
Dyer (1959) extraction procedure (Guckert et al., 1985; White et al., 1979). This technique
extracts lipids from viable microorganisms captured at the time of sampling. Lipid extracts were
fractionated on silicic acid columns into neutral, glycol- and polar lipids, with only polar lipids
collected. Following collection, polar lipids were methylated with 0.2 M methanolic KOH
solution to form fatty acid methyl esters (FAMEs). FAMEs were dried and reconstituted in
hexane for quantification on a Varian 3800 GC-FID (Varian, Inc., Walnut Creek, CA). FAME
peaks were compared against a standard library of FAMEs and based on retention time data of
the known standards. Peak area concentrations were converted to nmol PLFA g-1 dry soil based
on the peak area of its matching standard peak. The polyenoic unsaturated fatty acids, 18:2w6
and 18:1w9c, were considered fungal biomarkers (Bååth, 2003; Bardgett et al., 1996). Branched,
saturated gram-positive fatty acids of i15:0, a15:0, i16:0, i17:0 and a17:0 as well as the
monoenoic and cyclopropane unsaturated gram-negative fatty acids of 16:1w7c, 16:1w7t,
18:1w7c and cy19:0 were considered part of the total bacterial biomass (Ekelund et al., 2003;
Leckie et al., 2004). Total bacterial biomass was also represented by 15:0, which was considered
a general bacterial marker to complete the bacterial assessment (Leckie et al., 2004).
Statistical Analyses
All data analyses were performed in R version 3.5.3 (R Core Team, 2019). To assess the
multivariate response of soil abiotic characteristics (pH, moisture, inorganic N, total C:N ratio,
DON, DOC and DOC:N ratio) to treatment, a principal coordinate analysis (PcoA) was
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conducted with treatment means in the package ape (Paradis & Schliep, 2019). To determine
whether the visualized separation of treatments was significant, a Permutational Analysis of
Variance (PERMANOVA) with Euclidean distance was conducted using the package vegan
(Oksanen et al., 2019). The function betadisper was used to determine whether data met the
assumption of treatment homogeneity. Following a significant result within the PERMANOVA,
pairwise comparisons amongst treatment groups were conducted with the package
RVAideMemoire (Hervé, 2020).
Following a significant output from the PERMANOVA, univariate analyses were
conducted to understand the response of individual abiotic response variables to treatment. Data
were analyzed with a one-way ANOVA with treatment as the fixed effect with the package car
(Fox & Weisberg, 2018). Response variables included soil abiotic characteristics (pH, moisture,
labile carbon, DOC, DON, DOCN Ratio, inorganic N, total C:N Ratio), and soil microbial
biomass (MBC, MBN, MBCN Ratio, PLFA total microbial biomass, PLFA fungi, PLFA total
bacterial biomass, PLFA fungi: bacteria ratio and PLFA gram-negative bacteria, gram-positive
bacteria and general bacteria). Data were checked for normality and homogeneity of variance
prior to analyses and transformed to better meet the assumptions of the analyses when necessary.
To better fit the model assumptions, DON, DOC, and microbial biomass N were rank
transformed while soil labile C was log transformed. Microbial biomass C:N ratio was square
root transformed prior to analyses. Following a significant ANOVA, a Tukey HSD test was
utilized to compare group means with the package agricolae.
Microbial community composition (based on the relative abundance of PLFA markers)
was assessed using nonmetric multidimensional scaling analysis (NMDS) with Bray-Curtis
distance in the package vegan. To determine abiotic soil characteristic relationships with the
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PLFA community, the function envfit was used and abiotic characteristics with a p-value of 0.1
or less were retained on the ordination. Following construction of the NMDS, a PERMANOVA
based on Bray-Curtis distance was conducted by using 999 permutations to assess differences in
microbial PLFA abundances in response to treatment based on their standard error with the
function adonis. We also used the function betadisper to check for homogeneity of multivariate
dispersion across factors. If the results of the PERMANOVA were significant, pairwise
comparisons amongst treatment groups were conducted with the package RVAideMemoire. In
order to understand whether the matrix of multivariate abiotic characteristics was significantly
correlated and driving the changes in the microbial community composition matrix within each
treatment, a Mantel test was performed with the package vegan. All treatments had a sample size
of eight each.

RESULTS
Soil Abiotic Characteristics
Principal coordinates analysis indicated that there was strong separation in soil abiotic
characteristics between carcass addition study plots and control treatments along axis 1 (Figure
1). The PcoA explained 89% of the total variation in soil abiotic characteristics, with 58% of the
variation explained by axis 1. Axis 1 was largely explained by the covariances of soil DON,
DOC and DOC:N, while soil NO3- covaried with axis 2. PERMANOVA indicated that the
observed separation between carrion addition treatments and the control within the ordination
was significant (F2, 23 = 5.02; R2 = 0.32; P = 0.001), as both the carcass only (CO) and carcass
plus burying beetle (CB) treatments exhibited significantly different soil abiotic characteristics as
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compared to the control plots (P < 0.01). There was no difference in soil abiotic characteristics
between the carcass only and carcass burying beetle treatments.
Subsequent analysis of variance indicated an effect of treatment on soil pH (F2,21 = 91.03;
P < 0.001), with Tukey’s mean separation indicating that the burying beetle plots were
significantly more basic than both the carcass only (P < 0.01) and control treatments (P < 0.001),
while carcass only treatments were significantly more basic than the control soil (P < 0.001;
Table 1). However, the observed difference between the carcass only and carcass burying beetle
treatments was relatively small relative to the difference between the control and carrion addition
treatments (Table 1). Treatment did not influence soil moisture (F2,21 = 1.44; P = 0.26), and there
was no effect of treatment on soil inorganic N levels.
Soil C mineralization, an index of bioavailable C, differed among treatments (F2,21 = 4.93;
P < 0.05) (Table 1, Figure 2). Specifically, the burying beetle treatments exhibited a significantly
greater labile C pool compared to the controls (P < 0.05). Soil dissolved organic carbon (DOC;
non-fumigated samples) also significantly differed among treatments (F2,23 = 17.59; P < 0.001),
with both the CO (P < 0.01) and CB (P < 0.001) treatments exhibiting greater DOC than controls
(Table 1, Figure 2). With respect to dissolved organic nitrogen (DON), carcass addition plots
exhibited significantly greater levels of DON than the controls (F2,21 = 21.87; p < 0.001; Tukey
HSD test: P < 0.001) (Table 1, Figure 2). These changes in DOC and N resulted in significant
decreases in the ratio between DOC:N (F2,21 = 114.38; P < 0.001) in the CO (P < 0.01) and CB
treatments (2018: P < 0.05) compared to controls. The effect of treatment on total soil C:N ratio
was consistent with these findings, with the controls exhibiting significantly greater soil C:N
ratios relative to the CO (P < 0.05) and CB treatments (P < 0.01). However, there was no
difference in total C (F2,21 = 0.019; P = 0.98) or N (F2,21 = 1.86; P = 0.18) among treatments.
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Microbial Biomass and Community Composition
Analysis of variance indicated microbial biomass N was greater (F2,21 = 28.48; P < 0.001)
within both the CO and CB treatments relative to the controls (P < 0.001). Microbial biomass C
did not differ among treatments (F2,21 = 0.997; P = 0.386) resulting in an MBC:N ratio that was
significantly reduced in both the CO and CB treatments relative to the controls (P < 0.001).
Microbial community composition was not different across treatments (F2,21 = 1.28; P = 0.297;
Supplementary Figure S1 & Table S1) nor was there a difference in the relative biomass of
individual microbial groups or the fungal:bacterial biomass ratio (Table 2).
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Figure 1: Principal coordinates axes of soil abiotic characteristics (pH, moisture, labile C, DOC,
DON, DOC:N Ratio, inorganic N, total C:N Ratio) using Euclidean dissimilarities between
samples. There was strong separation in soil abiotic characteristics in carrion addition plots
relative to the control. Squares indicate controls I, circles indicate carcass only (CO), and
triangles indicate burying beetle plots (CB). Soil abiotic characteristics with a covariance greater
than 0.3 were retained (indicated by arrows).

18

Figure 2: A) Percent increase in each soil nutrient relative to the control and B) changes in soil
nutrient levels according to treatment. Dark grey indicates the control, gray indicates the carcass
only treatment, and light grey indicates treatments with both carrion and burying beetles.
Nutrient abbreviations: Dissolved organic nitrogen (DON), Dissolved organic carbon (DOC) and
Labile Carbon (Labile C). Boxplot elements are as follows: center line, meidan; box limits, upper
and lower quartiles; whiskers, 1.5x interquartile range; points, outliers. Levels of significance
relative to the control is indicated as follows: * significant at P < 0.05; ** P < 0.01 and *** P <
0.001.
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Treatment
pH
Moisture
Labile C (µg C g-1 soil)
DOC (µg g-1 soil)
DON (µg g-1 soil)
DOC:DON
NH4+ (µg N g-1 soil)

Control I
4.9 ± 0.07
0.56 ± 0.06
2456 ± 308
512 ± 63
73 ± 8
8.1 ± 0.34
43.9 ± 3.9

Carcass Only (CO)
6.2 ± 0.09 ***
0.66 ± 0.08
3520 ± 735
1570 ± 704 **
1473 ± 114 ***
1.1 ± 0.39 **
40.8 ± 3.9

Carcass Burying Beetle (CB)
6.7 ± 0.13 *** ●
0.68 ± 0.04
4402 ± 479 *
2513 ± 424 ***
1582 ± 103 ***
1.8 ± 0.27 *
40.7 ± 4.9

P-value
< 0.001
0.260
0.018
< 0.001
< 0.001
< 0.001
0.820

NO3- (µg N g-1 soil)

4.05 ± 1.08

3.79 ± 0.89

4.51 ± 1.41

0.904

Total C (%)

11.8 ± 0.88

11.6 ± 1.04

11.6 ± 0.86

0.980

Total N (%)

0.58 ± 0.06

0.69 ± 0.07

0.73 ± 0.05

0.180

C:N
21.2 ± 1.28
17.02 ± 0.80 *
16.1 ± 0.85 **
-1
MBC (µg g soil)
2409 ± 102
2469 ± 346
2972 ± 396
-1
MBN (µg g soil)
306 ± 35
1301 ± 279 ***
1632 ± 190 ***
MBC:N
10.1 ± 1.18
2.5 ± 0.38 ***
2.1 ± 0.18 ***
* significant at P < 0.05; ** P < 0.01; *** P < 0.001 relative to the control.
●
significant at P < 0.05 relative to carcass only treatment.
Bolded P-values indicate a significant ANOVA result.

0.004
0.385
< 0.001
< 0.001

20

Table 1: Soil characteristics (means ± 1SE; n: C = 8, CO = 8, CB = 8). Effects of treatment were tested with a one-way
ANOVA. Treatment level differences were determined by Tukey-pairwise comparisons.

Table 2: Soil microbial biomass as estimated by phospholipid fatty acid (PLFA) analysis (nmol g-1 dry soil) (means ± 1SE; n:
C = 8, CO = 8, CB = 8). Effects of treatment were tested with a one-way ANOVA.
Carcass Only (CO)
235 ± 38
38.7 ± 4.79
199 ± 31
0.226 ± 0.02

Carcass Burying Beetle (CB)
258 ± 33
40.9 ± 5.08
180 ± 26
0.219 ± 0.01

P-value
0.298
0.214
0.306
0.96
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Treatment
Control I
Total microbial biomass
185 ± 26
Fungi
29.92 ± 3.59
Bacteria
141 ± 21
Fungi:bacteria Ratio
0.225 ± 0.02
* significant at P < 0.05 relative to the control.

DISCUSSION
The rate of carrion decay and break-down is facilitated by necrophilous insect groups
(Anderson & VanLaerhoven, 1996; Barton et al., 2017), and these activities provide a localized,
but concentrated, nutrient pulse into the soil (Barton et al., 2013; Benbow et al., 2018; Carter et
al., 2007). Our hypothesis that burying beetles would affect soil characteristics in response to
their reproductive activities was not supported. Rather, the results of our study demonstrate that
carrion attributes drive soil characteristics in response to decomposition. However, the
reproductive activities of burying beetles and consumption of the carcass by developing larvae
did not negate the benefits of carrion decomposition, as the changes in soil characteristics within
the burying beetle treatment were consistent with those observed during surface carrion
decomposition alone. Taken together, these findings indicate that the carrion decomposition
process drives alterations in soil characteristics, and that burying beetle reproduction does not
appreciably reduce carrion contributions to soils. For instance, we found that there was an
increase in soil pH (pH > 6) and dissolved organic C and N in carrion addition plots, regardless
of burying beetle utilization of the carcass for reproduction and larval growth. Changes in soil
pH during carcass decomposition are well-documented (Benninger et al., 2008; Carter et al.,
2008; Melis et al., 2007), with increases associated with the influx of by-products released
during tissue deterioration, most commonly driven by increases in soil ammonium (Metcalf et
al., 2016; Meyer et al., 2013; Payne, 1965). Although we did not observe increased soil NH4+ in
the carcass only (CO) nor the burying beetle (CB) treatments, the observed increases in dissolved
organic C and N align with nutrient profile changes observed in Keenan et al. (2018). These
findings indicate that although the carrion was consumed by burying beetle larvae in the burying
beetle treatment, the observed abiotic changes were consistent with microbially mediated carcass
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decomposition on the soil surface and still result in a net contribution of nutrients to the soil.
However, the release of nutrients between these two treatments is likely facilitated through
differing metabolic pathways, with insect frass within the burying beetle treatment potentially
serving as the primary source of N relative to a naturally decomposing carcass (Chen et al., 2016;
Couture & Lindroth, 2014; Frost & Hunter, 2004).
Insect necrophilous behaviors co-occur with shifts in microbial community abundances in
response to the stage of decomposition (Metcalf et al., 2013, 2016). However, we did not observe
any differences in microbial abundance and biomass in response to carrion only nor burying
beetle treatments. Rather, there was a significant reduction in microbial biomass C:N ratio from
8:1 within the control to approximately 2:1 in the carrion addition treatments, which is lower
than ratios typically reported in soils without carrion inputs (Xu et al., 2013). Microbial biomass
N increased within these treatments, while microbial biomass C did not differ. The increase in
microbial biomass N is likely explained by the influx in soil N within both the carcass only and
burying beetle treatments. Following nutrient release within these treatments, microbes likely
immobilize N and differentially store nutrients which would alter their biomass C:N ratios
(Achbergerová & Nahálka, 2011; Kornberg, 1995; Wilkinson, 1963; Wilson et al., 2010).
Additionally, the greater abundance of bacteria across our plots relative to fungi may also
contribute to these low ratios, as bacteria tend to exhibit lower C:N ratios (4:1 to 10:1) than those
observed in fungi (8:1 to 29:1) (Paul, 2014). This data indicates that the incorporation of carrion
in ecosystem landscapes, and the sequestration and consumption of these carrion by burying
beetles for reproduction and larval growth, create nutrient hotspots in the soil which are utilized
during microbial metabolism. However, further studies are required to provide increased
resolution regarding the associated stoichiometric ratios of carrion associated microbial
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communities, and the role of necrophilous groups in isolating carrion and creating nutrient
hotspots in the soil.
The indirect benefits of insect driven decomposition of carrion are often underappreciated
and understudied relative to other detrital inputs. As carrion size decreases, invertebrates are
increasingly likely to utilize the resource for their own life histories (DeVault et al., 2003, 2004).
Indeed, research suggests that the activities of insect scavengers play an essential role in
preventing vertebrate scavengers from removing carrion from the ecosystem, as the proportion of
carrion removed by vertebrate scavengers is greatly reduced in warm weather (from 65% to 1620%) when invertebrates are active (DeVault et al., 2004; DeVault & Rhodes, 2002; Smith et al.,
2017). Burying beetles alone can sequester greater than 65% of small carrion in forest
ecosystems, compared to 10-35% by vertebrate scavengers (Trumbo, 2016; Wilson & Fudge,
1984). In this context, our study indicates that at the ecosystem scale, insects which sequester
and isolate resources from other scavengers can play a significant role in creating nutrient
hotspots where an organism died. When we consider insect groups such as the burying beetle (75
species in Northern Hemisphere), that can sequester vertebrate carcasses ranging in size from 4
to 210 g (Scott, 1998), and are distributed across North America with temporal and phenological
shifts in activity patterns (Keller et al., 2019; Owings & Picard, 2015; Scott, 1998), the potential
nutrient input from carrion sequestration can be significant. For example, in NH forests alone
there are five burying beetle species active May-September. If we presume 6% death rate per
week (Snyder, 1956) of small mammals (~35 g), captured across two weeks in the summer
(Stephens et al., 2017), 75% of which are used by burying beetles (Trumbo, 2016), while
assuming this mortality and capture rate is consistent across 16 weeks of activity, their behaviors
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could contribute up to 2.37 g DON or 2.14 g DOC m-2 y-1 . This is a conservative estimate given
these calculations do not account for utilization of carcasses of greater mass.
Given the limitations of field-based studies that examine ecosystem interactions and the
limited nature of our understanding of invertebrate decomposer roles in modulating soil
properties, future studies would do well to further investigate the relationships among
invertebrate scavengers and soil nutrients. As our study prevented invertebrate activities on
surface carrion treatments, we were unable to draw conclusions regarding the significance of
burying beetle reproduction and larval development on soil nutrients relative to other
invertebrate scavenger activities. Future studies could further investigate the role that carrion
sequestration by burying beetles, larval activities, and larval number and/or mass, play in
creation of nutrient hotspots and how it influences the lateral and vertical spread of nutrients
relative to surface-level carrion decomposition. Additionally, it would be informative to measure
the proportion of carrion nutrients that are retained within larval biomass versus released into the
soil via metabolic pathways such as insect frass, elucidating the chemical and nutrient
characteristics of larval frass within scavenging insect groups.
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CHAPTER 2: OVARY ECDYSTEROID CONCENTRATIONS ARE INFLUENCED BY
OOCYTE PRESENCE AND OVIPOSITION BEHAVIOR IN A SUB-SOCIAL INSECT
(COLEOPTERA: SILPHIDAE: NICROPHORUS)
ABSTRACT
Historically, juvenile hormones were considered the primary gonadotropin responsible
for coordinating insect vitellogenesis (i.e. egg yolk deposition). However, scientists are
recognizing the regulatory role of ecdysteroids, a group of insect steroid hormones, during
oogenesis and ovary maturation. In several insect systems, the onset of oogenesis is tightly
coordinated by female nutritional status, where ecdysteroid synthesis is upregulated in response
to a nutritional signal. Yet our understanding of how ephemeral, external nutritional stimuli
regulate ecdysteroids is constrained to a few well-studied insect species. Here we investigate
ovary ecdysteroid concentrations in a sub-social insect (Coleoptera: Silphidea, Nicrophorus
marginatus) that utilizes an ephemeral carrion resource to initiate reproduction and complete
ovary maturation. To quantify ovary ecdysteroids, female ovaries were dissected, weighed, and
stored in methanol at -20◦C until quantification with enzymatic immunoassay (EIA). We did not
find any relationship among mating status, exposure to carrion stimuli, or oviposition on ovary
ecdysteroid concentrations. Rather, ovary ecdysteroid concentrations were elevated when
oocytes were present in the ovaries. In contexts where eggs are present, there appears to be a
decline in ovary ecdysteroid concentrations as females approach oviposition. This is the first
study to report naturally occurring ovary ecdysteroids in a sub-social burying beetle during
reproduction, and these results indicated that ovary ecdysteroids may be essential for successful
oogenesis.
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INTRODUCTION
Historically, juvenile hormones (JH) have been considered the primary gonadotropin
regulating insect reproduction (Riddiford, 2012; Wyatt & Davey, 1996). However a growing
body of literature demonstrates that a group of steroid hormones called ecdysteroids also
coordinate reproductive processes ranging from oogenesis, vitellogenesis, and spermatogenesis
(Raikhel et al., 2005). In these contexts, the biosynthesis of ecdysteroids may either inhibit, or
promote vitellogenesis in insects depending on the timing of upregulation and concentration
(Swevers & Iatrou, 2009; Uryu et al., 2015). Despite research elucidating the role of the
ecdysone-regulatory hierarchy during reproduction, our understanding remains limited to wellstudied insect groups such as Diptera and Lepidoptera (Belles & Piulachs, 2015; Swevers &
Iatrou, 2009). However, initial studies in Hymenoptera and Coleoptera also indicate ecdysteroids
regulate oogenesis in these taxa (Brent et al., 2005; Parthasarathy et al., 2010; Wegener et al.,
2013).
The onset of oogenesis and ecdysteroid biosynthesis can be tightly coordinated with
environmental cues that also serve as a nutritional signal for the adult. For example, in
anautogenous (i.e. feeding prior to egg production) insects, female nutritional cues mediate the
onset of vitellogenesis and ovarian growth. This is well-studied in the mosquito Aedes aegypti, as
a blood meal stimulates a nutritional signaling cascade which results in ecdysteroid biosynthesis.
In response, ecdysteroids coordinate vitellogenesis and yolk protein precursor synthesis in the fat
body (Badisco et al., 2013; Hansen et al., 2014). Further examples of this are found in flies that
develop eggs in batches, as they require protein consumption to initiate ecdysteroid production
and stimulate vitellogenesis (Adams et al., 1985; Briers & Huybrechts, 1984; Huybrechts & De
Loof, 1982). Insects that rely on ephemeral, external nutritional sources for their young also
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exhibit food dependence to coordinate ecdysteroid production and oogenesis. In the parasitoid
wasp Eupelmus vuilleti, female synthesis of ecdysteroids and egg production depends on the
location of a host which serves as an oviposition site and nutritional source for the female (Bodin
et al., 2007). Yet our understanding of the coordination of ecdysteroid with the discovery of
nutritional sources remains limited.
Burying beetles (Coleoptera: Silphidae: Nicrophorus) are an excellent system to further
our understanding of how ecdysteroids coordinate oogenesis in relation to ephemeral nutritional
resources. Nicrophorus burying beetles are insect scavengers and require a carrion resource to
initiate reproduction as it serves as the primary food source for parents and developing young
(Milne & Milne, 1976; Pukowski, 1933). The discovery of the carrion resource also initiates the
completion of ovary development (Scott & Traniello, 1987; Trumbo et al., 1995; Wilson &
Knollenberg, 1984). However, as in other insects, JH is not sufficient to upregulate vitellogenin
gene expression nor uptake of vitellogenin by oocytes (Panaitof & Scott, 2006; Scott et al.,
2001). To date, no studies have investigated the expression of ecdysteroids in burying beetles in
relation to carrion stimuli. Here, we investigate how an external, reproductive stimulus which
serves as a nutritional resource affects the concentration of ovarian ecdysteroids in the burying
beetle Nicrophorus marginatus. We hypothesized that female ovary ecdysteroid concentrations
would increase following carrion discovery, burial and carcass preparation during which females
complete ovary maturation and feed on the carrion resource (Trumbo & Rauter, 2014; Trumbo &
Xhihani, 2015). Specifically, we predicted that if the temporal concentrations of ecdysteroid
reflect female exposure to nutritional stimuli, then 1) mating status would not alter female
ecdysteroid concentrations, 2) exposure to carrion stimuli would cause an increase in ovary
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ecdysteroids, 3) ovary ecdysteroids would peak immediately prior to oviposition, and 4)
following oviposition ovary ecdysteroids would be comparable to pre-carcass ecdysteroid levels.
METHODS
Burying Beetle Colony Maintenance & Establishment
A burying beetle colony of N. marginatus was established from wild-caught individuals
collected from the Tallgrass Prairie Preserve in Osage County, Oklahoma, USA (36.84◦N,
96.42◦W) during the summer of 2018. Beetles were caught with modified 5-gallon above-ground
18.9-l pitfall traps baited with aged chicken liver (Bedick et al., 2004; Leasure et al., 2012).
Wild-caught male and female burying beetles were immediately placed into pairs and provided a
previously frozen, 35g mouse carcass (RodentPro, Evansville, Indiana, USA) in a 171.45 x
122.24 x 111.125mm acrylic container (Pioneer Plastics, product #049C) filled with moist peat
to initiate reproduction. F1 offspring were maintained in 109.54 x 57.15 x 44.45 mm individual
acrylic containers (Pioneer Plastics, product #155C) filled with moist peat and fed twice weekly
with a cube of fresh pork. The room was maintained at 22˚C, 55% relative humidity and on a
14:10 light:dark cycle. Once beetles reached sexual maturity (~4 weeks), approximately 40 nonsibling beetle pairs were provided with a carcass as previously described. All beetles used in this
study were the 6th generation of N. marginatus from the lab colony, and no siblings were
collected within a time-point.
Experimental Design
To determine ecdysteroid concentration and ovary developmental stage, female ovaries
were collected at seven discrete time-points associated with the carcass stimulus. In addition, we
also assessed the effect of female mating status (e.g. mated, non-mated) on ovary ecdysteroid
concentrations, particularly prior to and immediately after receiving the carcass stimuli. First, we
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collected two-week old virgin females without the carcass stimulus. Females were either allowed
to mate with a non-related male (time-point 1a) or remained non-mated (time-point 1b). In
addition, we also collected a virgin (time-point 2a) and mated female (time-point 2b) 30 minutes
following interaction with a mouse carcass to determine whether mouse stimuli affected ovary
ecdysteroid content. All remaining samples are associated with female duration on the carrion
and were based on the sampling protocol utilized by Trumbo et al., (1995). These include the
time intervals following introduction to the carcass: 6, 12, 18, and 24 hours following carrion
discovery (time-points 3-6). We also quantified ovary ecdysteroid concentrations 48 hours
following the start of oviposition (time-point 7).
Ovary Size and Oocyte Presence
Prior to ovary dissection, adult females were imaged, and female body size was
determined by measuring female pronotum width using ImageJ (Schneider et al., 2012). Female
ovarian development was determined via dissection and ImageJ image analysis. As intact female
beetle ovaries degrade while stored (Wilson and Knollenberg, 1984; personal observation),
dissections were conducted at the immediate time-point of interest. To initiate dissection, the
head was removed, and the female was fixed on a petri-dish dorsal side up under a stereo
microscope (HSZ-700 series, Huvitz Corp, Republic of Korea) and dissected under 10X PBS
buffer. To remove female ovaries, sterile fine-edged dissection scissors were used to make two
lateral incisions along the female abdomen. Ovaries were removed from the female abdomen
with sterile fine-edge forceps and photographed with Nikon Ts2 (Melville, NY, USA). Ovary
wet mass was recorded to the nearest milligram (Mettler Toledo, AG104), then stored in
microcentrifuge tubes in methanol at -20˚C until ecdysteroid content was assayed.
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Determination of Ovary Ecdysteroid Levels
Ovary free ecdysteroid content was determined utilizing a commercially available 20Hydroxyecdysone EIA kit (Cayman Chemical, Product # 501390) as described by Crocker et al.,
(2018). Briefly, female ovaries were removed from -20 ˚C freezer and were homogenized using a
sterile glass stirring rod. The 12 x 75 mm microcentrifuge tubes were centrifuged at 7,500 rpm
for 5 minutes, after which the supernatant was removed with a Pasteur pipette and stored in a
sterile 12 x 75 mm polystyrene culture tube. This process was repeated for a total of three times,
with the final pellet discarded. The pooled supernatant was dried under vacuum using a
SpeedVac and redissolved in 0.5 M Tris-HCl buffer. Once dry, samples were purified using
gravity-flow solid phase extraction (SPE) (Isolute C18 100 mg/3 mL, Biotage, Item #220-0010B). Following collection, the 60 % MeOH in Milli-Q water SPE fractions were dried utilizing a
SpeedVac and redissolved in EIA buffer solution (EIA, Cayman Chemical). Plates were prepared
according to Cayman Chemical kit insert, with each sample analyzed in triplicate. All plate
absorbances were read at 415 nm (Synergy HT Multi-Detection Microplate Reader, BioTek
Instruments Inc., Winooski, VT, USA) once max plate absorbance reached a minimum of 0.2
absorbance units (approximately 75 – 90 minutes of incubation). Inter-assay measurements had a
calculated coefficient of variance of 11 %, while intra-assay measurement coefficient of variance
was 5.7 %. Cayman’s EIA kit can detect concentrations at a lower limit of 31 pg mL-1.
Statistical Analyses
Prior to analyses, data exploration was carried out following the protocol described in
Zuur, Ieno & Elphick (2010). As female ovary mass was highly correlated with free ecdysteroid
levels (Pearson’s r (53) = 0.54, p < 0.0001), and changed across time-points, we calculated the
concentration of ecdysteroids (pg mg-1 ovaries) to standardize the response variable. The
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concentration of ovary ecdysteroids also exhibited considerable variation within time-points and
across all females sampled, indicating violations of homogeneity of variance and normality.
Thus, ovary ecdysteroid concentrations were rank transformed to meet the assumptions of
homogeneity of variance and normality. As each female was destructively sampled, samples
were considered independent, and we applied a general linear model (GLM) to the data. The
initial model investigated ecdysteroid concentration as a function of mating status (categorical;
two levels), timepoint (categorical; seven levels), the presence of oocytes (categorical; two
levels), experimental round (categorical; two levels), their interactions, and female size
(continuous) and mouse size (continuous) as fixed effects. We used AIC selection criteria during
backwards model selection to determine the optimal model. Experimental round, mouse size, and
all interactions were removed (Zuur et al., 2009). The final model included timepoint, presence
of oocytes, mating status, and female size as fixed effects and applied restricted maximum
likelihood (REML) estimation to account for unequal sample sizes across levels. Model
assumptions of the final fitted model were validated as recommended by Zuur & Ieno (2016).
Given that the presence of oocytes within female ovaries varied across time-points and
impacted the concentration of ovary ecdysteroids, we conducted a follow-up, preliminary
analysis on only females that had oocytes present within their ovaries. Unlike the previous
analysis, female size was excluded from the final model during backwards model selection based
on AIC selection criteria. The final general linear model included timepoint and mating status as
main fixed effects. We utilized rank transformed ovary ecdysteroid concentrations as the
response variable. All data were analyzed in R version 3.5.3 (R Core Team, 2019) with the nlme
package (Pinheiro et al., 2020).
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RESULTS
There was no effect of female mating status (e.g. mated, non-mated) on ovary ecdysteroid
concentrations (F1,44 = 1.39, P = 0.24). Female ovary mass varied across timepoints, with mean
ovary mass slightly increasing 12 – 24 hours after carcass encounter (Time-points 4-6) relative to
earlier time-points or following oviposition (Time-points 1-3 and 7) (Table 3). Female size
influenced ovary ecdysteroid concentrations (F1,44 = 4.54, P = 0.04), with ovary ecdysteroid
concentrations greater in larger females (ꞵ = 4.47 ± 2.13 [SE]). Oocyte presence within the
ovaries was highly variable in females and occurred across all sampled time-points (Table 4). As
a result, the presence of oocytes within female ovaries had a significant effect on ovary
ecdysteroid concentrations (F1,44 = 14.15, P < 0.001), with oocyte presence increasing ovary
ecdysteroid concentrations (ꞵ = 17.37 ± 4.58 [SE], p value = 0.0004) (Figure 3; Table 5). There
was no effect of time-point on ovary ecdysteroid level (F6,44 = 0.85, P = 0.53) (Figure 4A).
However, if females without oocytes present in their ovaries are removed from the analysis, there
appears to be a significant effect of time-point (F6,23 = 4.70, P = 0.0027), while mating status still
did not affect ovary ecdysteroid concentrations (F1,23 = 1.22, P = 0.28). Specifically, the
concentration of ovary ecdysteroids appears to decline over time when eggs are present in ovary
tissue samples (Table 3; Figure 4B), although this result should be interpreted cautiously given
small sample size (total N = 32) and low replication within each time-point (see Table 4 for
sample size by stage).
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Table 3: Female ovary morphometric data (means ± 1SE) across all ovary samples and in ovary tissues with oocytes present.
Ecdysteroid concentrations units are pg mg ovary-1 mL-1, while ovaries wet mass is in milligrams (mg).
Stage

N

Ecdysteroid
concentration

Ovaries wet
mass

All ovary samples
84,337 ±
27.0 ± 2.8
22,591

Ovary samples with oocytes present
1
183,302 ±
28.2 ± Na
Na

N

Ecdysteroid
concentration

Ovaries wet
mass

1a

2-week-old mated ♀,
no mouse

7

1b

2-week-old virgin ♀,
no mouse

8

141,932 ±
26,096

42.8 ± 4.5

5

189,757 ±
15,927

44.6 ± 7.0

2a

virgin ♀,
30 min post-carcass

6

129,144 ±
33,163

34.4 ± 4.2

4

167,354 ±
35,870

38.4 ± 4.3

2b

mated ♀,
30 min post-carcass

5

93,446 ±
29,709

30.8 ± 4.9

3

113,722 ±
44,336

37.9 ± 3.6

3

6-hour post carcass

5

90,763 ±
26,726

32.3 ± 4.1

1

132,694 ±
Na

30.9 ± Na

4

12-hour post carcass

6

90,948 ±
16,362

46.3 ± 7.8

4

99,706 ±
12,785

56.4 ± 6.8

5

18-hour post carcass

6

59,846 ±
7,423

57.3 ± 8.8

5

62,478 ±
8,500

61.6 ± 9.4

6

24-hour post carcass

6

73,578 ±
14,938

57.2 ± 9.0

4

63,872 ±
17,966

67.9 ± 6.3

7

48-hour post oviposition

6

100,083 ±
26,691

31.5 ± 1.8

5

95,582 ±
32,221

32.5 ± 1.9
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Timepoint

Table 4: Number of females sampled at each stage and the absence/presence of oocytes within
their ovaries. Sample size is indicated by “N”.
Stage
Time-point N
Absent Present % with Oocytes
2-week-old mated♀,
1a
7
6
1
14
no mouse
2-week-old virgin ♀,
no mouse

1b

8

3

5

62.5

virgin ♀,
30 min post-carcass

2a

6

2

4

66.6

mated ♀,
30 min post-carcass

2b

5

2

3

60

6-hour post carcass

3

5

4

1

20

12-hour post carcass

4

6

2

4

66.6

18-hour post carcass

5

6

1

5

83.3

24-hour post carcass

6

6

2

4

66.6

48-hour post oviposition

7

6

1

5

83.3
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Parameter
Intercept
Timepoint
(reference level: 1)
2
3
4
5
6
7
Oocytes Present
(reference level: no)
Mating Status
(reference level: virgin)
Female Size

Model averaged
regression value
-6.48

Std. error

t-value

2.5%

97.5%

Pr (> | t |)

17.42

-0.37

-40.63

27.66

0.81

-5.79
5.66
-4.92
-13.87
-6.42
-4.39
17.37

5.70
8.05
7.64
7.87
7.78
7.86
4.58

-1.01
0.70
-0.64
-1.76
-0.82
-0.56
3.78

-16.96
-10.11
-19.90
-29.32
-21.68
-19.82
8.59

5.38
21.43
10.06
1.56
8.83
11.02
26.24

0.94
0.99
0.99
0.56
0.98
0.83
0.0005

-6.97

5.68

-1.22

-18.11

4.16

0.24

4.45

2.08

2.13

0.36

8.55

0.04
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Table 5: Estimated regression parameters (unstandardized), standard errors, t-values, 95% credible intervals, and P-values for
the parameters of the GLM for all female ovary tissues regardless of oocyte presence. Timepoint level comparisons were
corrected to account for multiple comparisons with Tukey post-hoc tests and report z-values and corrected P-values.

Figure 3: Female ovary ecdysone (pg mg ovary-1 mL-1) in response to the presence or absence of
oocytes in the ovary. Points represent individual females; red circles represent females without
oocytes present and blue triangles represent females with oocytes present. Samples sizes are as
follows: No (n = 23) and Yes (n = 32).
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Figure 4: Female ovary ecdysteroid concentrations (pg mg ovary-1 mL-1) across mating status
and time-points. 2A) Ovary ecdysteroid concentrations do not differ across time-points. 2B)
Ovary ecdysteroid concentrations decline over time when all females have oocytes present
within the ovaries. Mating status and timepoints located on the x-axis are as follows: 1a) mated,
no mouse, 1b) virgin, no mouse, 2a) virgin, 30 minutes post carcass, 2b) mated, 30 minutes post
carcass, 3) 6 hours post carcass, 4) 12 hours post carcass, 5) 18 hours post carcass, 6) 24 hours
post carcass, 7) 48 hours post oviposition. Points represent individual females: blue triangles
represent females with oocytes present within ovaries and red circles indicate females without
oocytes present.

DISCUSSION
Across insect groups, ecdysteroids have been increasingly recognized for their regulatory
role in coordinating insect oogenesis, especially within species which require a nutritional signal
to initiate egg-laying. Here we report that mating status and carrion stimuli did not cause female
burying beetles to upregulate ovary ecdysteroids, and that changes in ovary ecdysteroid
concentrations were highly tied to the presence of oocytes. In cases where oocytes were present
in the ovaries, there was a decline in ovary ecdysteroids near oviposition. Our study is the first in
silphids to report naturally occurring levels of ovary ecdysteroids in response to mating status
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and reproductive stimuli, and is consistent with the hypothesis that ovaries are the main source of
ecdysteroids.
Although mating stimuli increase ecdysteroid expression in D. melanogaster females
(Ameku & Niwa, 2016; Carmel et al., 2016), we predicted the lack of change in female burying
beetles as females will mate prior to locating a carcass and can store sperm until an appropriate
carrion resource is discovered (Müller & Eggert, 1989; Scott & Traniello, 1987). Given the
variable timing of mating and reproduction, it is logical that ecdysteroid signaling should be decoupled from mating stimuli. This has also been observed in the bumble bee, Bombus terrestris,
where mating occurs prior to overwintering and does not elicit changes in queen ovary
ecdysteroids (Geva et al., 2005).
The females’ discovery of the carrion nutritional resource did not cause an upregulation
of ovary ecdysteroid in N. mariginatus. We predicted that ecdysteroids should increase in
response to discovery of carrion since this stimulus finalizes ovary maturation (Scott & Panaitof,
2004; Wilson & Knollenberg, 1984), and ovary maturation is not explicitly regulated by JH
(Panaitof & Scott, 2006; Scott et al., 2001, 2005). Rather, we found that ovary ecdysteroids were
elevated prior to the discovery of a carrion resource and instead were predicted by the presence
of developing oocytes which were independent of time-point and carrion stimuli. Although
female ovary mass changed over time in our study, the average mass across time-points indicated
female ovaries were reproductively mature prior to carrion stimuli (Pre-breeding: ~ 25mg;
Mature: > 34 mg) (Scott & Panaitof, 2004). Given this, we suggest that ecdysteroids may have
been upregulated during the pre-breeding feeding period following emergence as an adult
enabling female ovaries to reach maturation and begin oocyte synthesis prior to discovery of the
carrion resource. In other insects, feeding is integral to the upregulation of hormones which
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initiate reproduction. For example, in the mosquito (A. aegypti), a blood meal stimulates a
nutritional signaling cascade which subsequently stimulates ecdysteroid production (Badisco et
al., 2013; Hagedorn et al., 1975; Hansen et al., 2014), while JH upregulation in the German
cockroach (B. germanica) is also mediated by nutritional condition (Abrisqueta et al., 2014).
Moreover, it is well established that female nutritional condition plays an essential role in
coordinating oogenesis in insects (Roy et al., 2018; Wheeler, 1996), as nutrient limited females
have reduced ecdysteroid levels which result in delayed ovarian development and oviposition, as
in the housefly (Musca domestica) and red flour beetle (Tribolium castaneum) (Adams & Gersts,
1993; Parthasarathy & Palli, 2011). However, further studies with increased temporal resolution
are required to understand how feeding following adult emergence contributes to ovary
ecdysteroid regulation in burying beetles.
Given the inconsistency in oocyte production across time, we did not observe any
differences in ovary ecdysteroids related to time spent on the carcass. Rather, ovary ecdysteroid
concentrations increased when oocytes were present. This is not surprising given that ovaries
serve as a source of ecdysteroids for the developing oocytes (Lagueux et al., 1981; Swevers &
Iatrou, 2009; Tawfik et al., 1999), and a number of studies have quantified maternal ecdysteroids
allocated to insect eggs (Crocker & Hunter, 2018a, 2018b; Dinan & Rees, 1981; Gande et al.,
1979; Hsiao & Hsiao, 1979; Paquet et al., 2020; Sall et al., 1983; Scalia et al., 1987). Although
our initial analyses did not statistically demonstrate that ovary ecdysteroid concentrations vary
across time, our secondary analyses provide evidence that when oocytes are present within the
ovaries, ovary ecdysteroid concentrations decline as females approach oviposition. This finding
suggests that ecdysteroids play a role in oocyte synthesis and development as levels are lowest as
oogenesis nears completion and oviposition is concluded. In burying beetles, females can begin
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oviposition as soon as 18 hours after encountering a carrion (Scott, 1998), which aligns with the
observed reduction in ovary ecdysteroids in our study. Other studies also indicate that
ecdysteroids are important to successful ovarian development and oviposition (Belles &
Piulachs, 2015; Lenaerts et al., 2019; Pascual et al., 1992; Swevers & Iatrou, 2003), although the
direct mechanism of ecdysteroid control of oocyte synthesis in burying beetles is not known.
In summary, our study provides preliminary evidence for a role of ecdysteroids in oocyte
development in a sub-social insect and suggests independent roles for JH and ecdysteroids
during reproduction given the disparate upregulation of each hormone. However, further study is
required to understand how ecdysteroid hormones vary in response to nutritional stimuli, and to
identify sources of variation among females regarding oocyte production. Although there is a
growing body of evidence for crosstalk between juvenile hormone, ecdysteroids, and nutritional
signaling pathways in insect systems, our understanding remains limited. Further investigation is
required to understand the physiological mechanisms regulating reproduction, and how hormonal
roles vary across insect taxa which rely on ephemeral resources to coordinate reproduction.
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CHAPTER 3: MATERNAL ECDYSTEROID PROVISIONING DIFFERS WITH
PARENTAL CARE STRATEGY IN NICROPHORINE BEETLES
ABSTRACT
Across taxa, parents invest in offspring fitness through egg deposition and parental care.
Maternal steroid transfer to eggs is a determinant of offspring fitness and may be especially
important when females do not provide post-hatch care. Despite several studies investigating egg
hormone transfer and adjustment in birds, few comparative studies have examined how parental
care traits trade off with maternal hormone transfer. Insects are particularly suitable for studies
that compare life histories to maternal egg hormone transfer, as they exhibit a wide range of
social and parental care behaviors. This study investigates whether three species of
Nicrophorinae beetles with differing levels of post-hatch care (no care, facultative care, full care)
exhibit quantifiable differences in the level of ecdysteroid hormones transferred to eggs. We
found that a species with no post-hatch care transferred more free ecdysteroids to eggs compared
to species with post-hatch care. We also found a subtle trade-off between egg hormone transfer
and the number of eggs a female produces. Insects may become model systems to investigate the
relationship of life history to maternal egg hormone transfer.
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INTRODUCTION
Maternal effects serve as an important mechanism to influence offspring traits, with
maternal steroid hormone transfer to eggs one of the most widely studied. Indeed, a growing
body of research has demonstrated that in birds, fish, and insects, female egg hormone
provisioning varies in response to environmental cues such as density, food availability,
predation risk and even mate attributes (Crocker & Hunter, 2018a, 2018b; Giesing et al., 2011;
Groothuis, Müller, et al., 2005; Groothuis & Schwabl, 2002; Paquet et al., 2020; Sopinka et al.,
2017). Within birds, greater provisioning in egg hormones are generally related to enhanced
offspring life history traits such as growth, development, and survival which can improve
offspring fitness in response to environmental conditions (Groothuis et al., 2005; Smiseth et al.,
2011). Moreover, the transfer of maternal hormones can also influence offspring developmental
trajectories, with hormone levels mediating sex differentiation in reptiles or insect caste
development (Bowden et al., 2000; Schwander et al., 2008; Suzzoni et al., 1980). However,
despite the growing evidence for maternal effects on offspring fitness, few comparative studies
exist which investigate the relationship of organism life history traits, such as post-hatch parental
care, to egg hormone deposition, limiting our understanding of egg hormone transfer as an
adaptation (Forber & Griffith, 2011; Olson & Arroyo-Santos, 2015).
Previous studies suggest that differences in maternal egg hormone transfer are related to
maternal investment in post-hatch care (Royle et al., 2012; Clutton-Brock, 1991). Although both
egg hormone transfer and post-hatch care can both positively impact offspring survival and
fitness, each is energetically expensive and females incur a fitness cost in response to this
investment (Royle et al., 2012; Clutton-Brock, 1991). Given this, species which exhibit posthatch care might be expected to exhibit relaxed selection on egg hormone allocation. For
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example, comparative differences in egg hormone transfer have been documented in precocial
and altricial birds, which differ in offspring dependency following hatching. Precocial species
exhibit increased maternal hormones in eggs compared to altricial species, likely due to their
young requiring low post-hatching care relative to altricial young (De Groef et al., 2013; Love et
al., 2009). In these contexts, females from altricial species can compensate for decreased egg
investment via their post-hatch parental behaviors, whereas in species without post-hatch care,
maternal investment would occur primarily through the yolk and hormones. However, additional
studies are required to further our understanding of the relationship between parental care and
maternal hormone transfer as so few systems have been studied. Although the precocial versus
altricial dichotomy is a good generality, it may not explain all variation in egg hormone transfer
as the dependency of altricial species’ offspring on post-hatch care can also differ.
Insects are an excellent model for investigating the relationship between parental care and
maternal hormone transfer, as parental care strategies vary greatly (J. D. J. Gilbert & Manica,
2015; Tallamy & Wood, 1986; Trumbo, 2012). Nicrophorine beetles (Coleoptera: Silphidae:
Nicrophorinae) are particularly suitable as this subfamily exhibits variation in the level of posthatching parental care required by offspring, and reproduction is coordinated with the discovery
of a carrion resource (Royle & Hopwood, 2017; Scott, 1998; Scott et al., 2001; Scott &
Traniello, 1987). For example, Ptomascopus morio defends the carcass against flies and
predators but does not care for larvae directly; offspring can develop successfully without
parental feedings (Peck, 1981; Suzuki & Nagano, 2006; Trumbo et al., 2001). In contrast,
burying beetles (Nicrophorus spp.) bury the carcass and subsequently provide elaborate
biparental care by directly regurgitating food to developing young (Milne & Milne, 1976;
Pukowski, 1933; Scott, 1998). However, offspring dependency on parental care also varies
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within burying beetles, as Nicrophorus marginatus larvae do not require parental feeding to
successfully develop (personal observation & S. Trumbo unpublished data), whereas N.
orbicollis larvae will die without parental feeding (Capodeanu-Nägler et al., 2016; CapodeanuNägler, Prang, et al., 2018; Trumbo, 1992).
Here, we use the intrinsic parental care variation present in three species of
Nicrophorinae beetles to investigate whether female egg ecdysteroid transfer differs with the
evolved parental care strategy. First, we hypothesized that maternal ecdysteroid transfer to eggs
would differ with the level of post-hatch care exhibited across species. We predicted that 1)
species with low levels of post-hatch parental care (P. morio), would transfer more ecdysteroids
to eggs compared to species with elaborate post-hatch parental care strategies (Nicrophorus
spp.), and 2) N. orbicollis, which provide obligate care, would transfer less ecdysteroid to eggs
compared to the facultative N. marginatus. We also hypothesized that there would be
relationships between egg size, number, and ecdysteroid content. We predicted that within
species, females laying a larger clutch would transfer less ecdysteroids to eggs. Second, we
predicted that there would be a positive relationship between egg size and egg ecdysteroid
content, with more egg ecdysteroids in larger eggs.

METHODS
Colony Maintenance
To address our hypotheses, we studied three species of carrion beetle (Coleoptera:
Silphidae: Nicrophorinae) with varying levels of post-hatch parental care. Beetles used for these
experiments were either offspring from recently wild-caught individuals or generated from longstanding lab colonies. Specifically, the colony of Ptomascopus morio was generated from a
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population founded at the University of Connecticut by the Trumbo lab in 2014. Nicrophorus
marginatus were caught in the summer of 2018 in 5-gallon above ground pitfall traps at the
Nature Conservancy’s Tallgrass Prairie Preserve in Osage County, Oklahoma, USA, while the
Nicrophorus orbicollis colony was founded from wild-caught beetles captured in the summer of
2019 at forest sites located in Strafford County, New Hampshire, USA. Colonies were
maintained in the lab at 21 ºC with ~ 45% relative humidity on a 14:10 light:dark cycle. Beetles
were housed in individual acrylic containers (101.6 x 57.15 x 25.4 mm; Pioneer Plastics, product
# 155C) filled with moist peat and fed cubed pork twice weekly. To initiate reproduction for
general stock colonies, a non-sibling male and female beetle were placed in an acrylic container
(152.4 x 122.23 x 50.8 mm; Pioneer Plastics, product # 049C) filled with moist peat that
contained a mouse carcass (purchased frozen from RodentPro.com, Evansville, Indiana USA).
Egg Collection
To initiate oviposition, female beetles were placed in a breeding container filled halfway
with moist peat with an unrelated male and provided a room temperature mouse carcass (31.52 g
± 0.97). For each breeding, females were imaged, and species, age, family and generation were
recorded. Although female generation was consistent within a species, the generation varied
among species as P. morio females were from a long-standing laboratory colony, while F5 N.
marginatus and F1 N. orbicollis were used. Breeding containers were checked twice daily
(morning and evening) for the onset of oviposition, with all eggs collected within 24 hours of the
first egg being produced. Each clutch was photographed using a Canon DSLR workstation and
weighed to the nearest milligram (Mettler Toledo, AG104) with precision to 0.0001 milligrams,
then stored in 12 x 75 mm microcentrifuge tubes filled with methanol at -20 ˚C until ecdysteroid
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extraction. Female parents were similarly imaged, with pronotum width measured using ImageJ
image analysis software (Schneider et al., 2012).

Egg Ecdysteroid Measurement
Ecdysteroids exist in both conjugated and free forms within eggs (Dinan & Rees, 1981b),
and free ecdysteroids are considered metabolically active and responsible for the regulation of
egg development (Swevers & Iatrou, 2009). We determined egg free ecdysteroid hormone (ESH)
content using a commercially available 20-Hydroxyecdysone EIA kit (Cayman Chemical,
Product #501390) based on a protocol developed by Crocker and Hunter (2018a). Briefly, the
entire clutch of eggs stored in 1 mL methanol was removed from -20 ˚C freezer and was
homogenized using a sterile glass stirring rod. The 12 x 75 mm microcentrifuge tubes were
centrifuged at 7,500 rpm for 5 minutes, after which the supernatant was removed with a Pasteur
pipette and stored in a sterile 12 x 75 mm polystyrene culture tube. This process was repeated
three times, with the final pellet discarded. The pooled supernatant was vacuum dried using a
SpeedVac (Savant SpeedVac Systems) and subsequently resuspended in 0.5 M Tris-HCl buffer.
All samples were incubated overnight at 30˚C. Samples were purified using gravity-flow solid
phase extraction (SPE) (Isolute C18 100 mg/3 mL, Biotage, Item #220-0010-B). Following
collection, the SPE fractions were dried using a SpeedVac and resuspended in EIA buffer
solution (EIA, Cayman Chemical). Plates were prepared according to Cayman Chemical kit
insert, with each sample analyzed in triplicate. All plates were read once max plate absorbance
reached a minimum of 0.2 absorbance units (approximately 75 – 90 minutes of incubation) at
415 nm (Synergy HT Multi-Detection Microplate Reader, BioTek Instruments Inc., Winooski,
VT, USA). Inter-assay measurements were consistent across plates, with a calculated coefficient
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of variance of 8.1%, while intra-assay measurement coefficient of variance was 5.6%. Cayman’s
EIA kit can detect concentrations at a lower limit of 31 pg/mL.

Statistical Analyses
Preliminary analyses: model assumptions
All data were analyzed in R version 3.5.3 (R Core Team, 2019). Prior to analyses, we
conducted tests for explanatory variable collinearity by inspecting pairwise scatterplots,
correlation coefficients, linear regression and variance inflation factors (VIF). We excluded
female body size from our models as it was predicted by species (R2 = 0.83, P < 0.0001), while
exhibiting high to moderate correlations with average egg mass (0.53 correlation, P < 0.0001)
and the number of eggs laid (0.25 correlation, P = 0.07) respectively. Female size also had a
calculated variance inflation factor greater than 2 (VIF = 2.63), which is considered a stringent
cut-off point for collinearity (Zuur et al., 2010). Additionally, graphical validation was used to
determine whether the residuals met the assumptions of normality and heterogeneity of variance.
Model selection
Data exhibited heterogeneity of variance, so we conducted a generalized least squares
(GLS) analysis (gls function; package nlme) with the combined variance structure (varComb) to
determine whether the total free ecdysteroid transfer per egg varied by species (Pinheiro et al.,
2019). This allowed for total free egg ecdysteroids to have both a varIdent variance structure as a
function of species and a varPower variance structure as a function of female body size within
each species. We followed the protocol outlined in Zuur et al. 2009 to determine the optimal
model. First, we compared mixed effect models which included experimental round and female
family as random effects to the full fixed model, with AIC selection criteria indicating that
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neither random effect should be included in the model. To determine the optimal fixed structure,
we conducted likelihood ratio tests to compare reduced models to the original full model. The
initial full model included species (P. morio, N. marginatus, N. orbicollis), number of eggs laid,
average egg mass, their interactions, and mouse mass. Following likelihood ratio tests, the final
model included the main effect of species, number of eggs laid, and average egg mass as
explanatory variables. We assessed final model validity by examining the normalized residuals,
with both normality and homogeneity of variance meeting model assumptions (Zuur et al.,
2009).
To determine effect size for species level comparisons, we calculated Cohen’s d by taking
the difference between the reference and comparison species mean ESH and divided it by the
standard deviation of the reference species (P. morio). We also determined the effect size of
continuous fixed effects by dividing their effect by the standard deviation of the estimated egg
ESH content (mean and 95% CI for free ESH was 158.70 pg/mL [122.50 – 194.814].
Nagelkerek/Cragg and Uhler’s pseudo R2 was calculated in the rcompanion package (nagelkerke
function) to estimate how well the model explains the data (Mangiafico, 2020).

RESULTS
All three species used in this study laid a similar number of eggs, although the average
egg mass varied (Table 6). We found that species differed in the total free ESH provisioned per
egg, as P. morio allocated more free ecdysteroids to individual eggs relative to N. marginatus
(Cohen’s d = 4.24, estimated value = -171.88; SE = 35.26; z = -4.87; P < 0.0001) and N.
orbicollis (Cohen’s d = 2.52, estimated value = -88.16; SE = 38.79; z = -2.27; P = 0.05) (Figure
5, Table 7 & 8). In addition, N. orbicollis transferred more free ecdysteroids to eggs than the
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facultative species N. marginatus (estimated value = 83.72, SE = 18.19, z = 4.60, P < 0.0001).
Interestingly, the species that invested the lowest level of post-hatch care, P. morio, exhibited
more variation in free ESH provisioning relative to the two species known to provide post-hatch
care. We also found that as the number of eggs a female produces increases, eggs contain lower
free ecdysteroid content (estimated value = -0.99; SE = 0.47; t = -2.10; P = 0.041) although this
effect was minor (effect size: 0.006 [-0.015 - -0.0003]). However, this trend appears to be
strongest within P. morio relative to the Nicrophorus species (Figure 6A, Table 7 & 8).
Additionally, increased average egg mass was associated with increased free ecdysteroid content
per egg (estimated value = 9.35; SE = 4.27; t = 2.18; P = 0.033), although this difference was
minimal (effect size: 0.05 [0.007 – 0.09]) (Figure 6B, Table 7 & 8). Our Nagelkerke/Cragge and
Uhler pseudo-R2 estimate of model fit was 0.507.
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Figure 5: Free ESH allocation to eggs varies across species and parental care strategy. Species
along the x-axis are organized from low (P. morio) to high (N. orbicollis) parental care
strategies.
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Figure 6: Relationship between free ecdysteroid content and the number of eggs laid (A) and average egg mass (B) by species.
Individual points represent average ESH per egg from individual female clutches. Shapes and colors indicate individual
species: P. morio are blue circles, N. marginatus are gray triangles, and N. orbicollis are yellow squares. Lines represent
predicted means and the shaded area indicates the 95% confidence interval.

Table 6: Species level means ± 1SE for female clutches. Necrophila americana was not included in the analysis given small
sample size. Free egg ecdysteroid concentration (pg/mg egg) included for reference but whole egg ecdysteroids were used in
analysis.
Species
N. americana
P. morio
N. marginatus
N. orbicollis

n
4
15
22
14

9.06 ± 0.33
3.89 ± 0.09
7.48 ± 0.15
6.81 ± 0.23

Egg number
3.75 ± 2.09
16.53 ± 1.41
19.5 ± 2.12
22.07 ± 3.17

Egg mass (mg)
9.73 ± 0.84
1.52 ± 0.08
3.12 ± 0.25
2.21 ± 0.13

Free ESH
(pg/mg egg)
106.02 ± 7.98
178.02 ± 29.97
27.94 ± 2.06
73.52 ± 10.59

Free ESH
(pg/egg)
1015.28 ± 42.43
267.28 ± 43.03
84.72 ± 8.39
158.61 ± 24.06

Table 7: Global means, standard errors, and 95% confidence intervals for the parameters in the GLS model.
Std. error 2.5%
Mean
97.5%
Species
8.39
N. marginatus 84.72
-240.99 -102.77
N. orbicollis
158.61 24.06
-164.21 -12.11
0.15
Egg mass
2.40
0.97
17.72
1.33
Egg number
19.33
-1.92
-0.06

Table 8: Estimated regression parameters, standard errors, t-values (z-values for Species level comparisons) and P-values for
the GLS model.
Std. error T value P-value
Value
36.16
Intercept
244.54
6.76
0.0000
Species
(reference level: P.morio)
35.26
N. marginatus
-171.88
-4.87
<0.0001
38.79
N. orbicollis
-88.16
-2.27
0.05
4.27
Egg mass
9.35
2.18
0.033
0.47
Egg number
-0.99
-2.10
0.041
a
Bolded p values are significant.
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Female size (mm)

DISCUSSION
While there is a great diversity of parental care behaviors across taxa, two important
mechanisms to increase offspring fitness are through egg hormone deposition and post-hatch
parental care (Royle et al., 2012; Clutton-Brock, 1991). However, given the energetic costs of
both forms of investment, female investment in egg hormone deposition versus post-hatch
parental care should vary with species’ life history. Here we report the relationship between
maternal egg hormone transfer and offspring dependency on post-hatch care in three species of
Nicrophorine beetles. The results of our study support our hypotheses that species’ investment in
post-hatch care is related to differences in maternal egg hormone transfer. We also note a tradeoff between the number of eggs laid and maternal ecdysteroid transfer to eggs.
We provide evidence that species that do not provide post-hatch care will increase egg
hormone transfer, as ESH content was highest in P. morio which does not provide any posthatching parental care to their young relative to the two Nicrophorus species examined in our
study. This suggests that species without parental care may adjust offspring fitness by increasing
ESH allocation. Although the role of ESH in egg development is poorly understood in insects,
research indicates that the topical application of ecdysteroids to eggs increases hatch rate, and
increases in free ecdysteroid levels during egg development coincide with advanced embryonic
stages (Crocker & Hunter, 2018a; Gande et al., 1979; Scalia et al., 1987; Sonobe & Yamada,
2004). In this context, increased ESH would provide offspring an advantage in terms of earlier
access to resource acquisition when parents do not defend or preserve the resource for offspring
consumption. Artificial selection experiments on Nicrophorus vespilloides provides anecdotal
evidence for this, as lines which evolved without post-hatching parental care hatch earlier than
those which receive parental care although egg hormone levels are unknown (Jarrett et al., 2018).
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Additionally, preliminary data on free ESH content in eggs of Necrophila americana, a species
which does not provide provisioning, found N. americana had comparable free ecdysteroid
concentrations to P. morio, lending support that species which do not provide post-hatch care
increase their investment in egg hormone provisioning relative to species with post-hatch care
such as Nicrophorus (Table 6). However, these findings do not take into consideration
conjugated ecdysteroids which have also been demonstrated to contribute to egg development
(Gharib & Reggi, 1983; Sall et al., 1983; Sonobe & Yamada, 2004). Further studies are required
to elucidate the role of both conjugated and free maternal ecdysteroid transfer, egg development
rate within and across these species, and how this relates to post-hatch parental care, organism
life history, and fitness effects.
Differences in hormone allocation associated with parental care strategy also result in
pronounced differences in egg hormone transfer within species related to egg number and size.
Our findings indicate a trade-off between the number of eggs and ESH content, and highlight the
physiological and energetic costs associated with egg hormone transfer (Fowler & Williams,
2017; Groothuis, Eising, et al., 2005; Harshman & Zera, 2007; Love et al., 2008). Although the
interaction of species with egg mass and number were excluded from the final model, the tradeoffs between free ESH content and egg size and number were most pronounced in P. morio,
whose reproductive biology differs from the two Nicrophorus species studied with respect to
parental care behavior. In addition to being considered brood parasites of Nicrophorus (Trumbo
et al., 2001), P. morio lay eggs over a period of multiple days, whereas Nicrophorus oviposition
is generally completed within 24-48 hours and optimize brood size through filial cannibalism
(Bartlett, 1987; Peck, 1981; Smiseth et al., 2006; Takata et al., 2013; Trumbo et al., 2001).
Although we constrained egg collection to within 24 hours of oviposition, it is possible that
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female P. morio experience physiological constraints and adjust hormone provisioning with
laying order. Within clutch variation in maternal hormone provisioning is well-documented in
birds, as species that exhibit highly synchronous hatching have increased egg hormone allocation
to last laid eggs, presumably to increase offspring competitive ability (Muller & Groothuis,
2013; Rice et al., 2013). In contrast, bird species that exhibit pronounced hatching asynchrony
and offspring mortality allocate increased hormones to first laid eggs (Muller & Groothuis, 2013;
Reed & Vleck, 2001). Given P. morio also exhibit extreme hatching asynchrony, it would be
advantageous for earlier laid eggs to have increased hormone content to ensure rapid hatch rates
and earlier arrival on the carcass while it is still of nutritional value, as Trumbo et al., (2001)
demonstrated that late arriving larvae starve. Additionally, the benefits of ESH content and initial
egg size likely varies with parental care strategy, as studies have shown that parental
provisioning within Nicrophorus can mask the effects of hatching asynchrony (Ford & Smiseth,
2016). For example, egg volume and size do not influence larvae begging behavior, larvae size at
dispersal, or breeding success (Mäenpää & Smiseth, 2017; Monteith et al., 2012; Schrader et al.,
2016), although larger eggs are associated with increased initial larvae size after hatching
(Mäenpää & Smiseth, 2017). To our knowledge no studies have investigated the relationship of
egg size and volume in relationship to P. morio fitness but given the lack of parental
provisioning in this system, egg volume, size, and increased ESH may potentially play a more
pronounced role in improving fitness. Additional studies are required to further elucidate the
fitness consequences of laying order, egg size, and ESH provisioning, and how this may relate to
the ephemeral nature of the carrion resource.
We also note considerable intraspecific variation in egg hormone content which has also
been documented in insects and birds (Groothuis & Schwabl, 2002; Hägele et al., 2004; Love et
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al., 2008). Although the drivers of individual variation observed between female insects is
unclear, bird studies suggest it results from physiological and environmental cues (Groothuis et
al., 2005; Groothuis and Schwabl, 2008; Love et al., 2008; Pilz et al., 2003; Reed and Vleck,
2001). Similar factors likely contribute to egg hormone allocation and variation within and
across insect taxa as well, although few studies have yet to explicitly investigate this (Crocker &
Hunter, 2018b). We found no evidence that intraspecific variation is related to female body size,
which is consistent with the findings of Paquet et al. (2020) for N. vespilloides. In addition,
preliminary research suggests that ecological factors such as carrion size do not influence
hormone provisioning within Nicrophorus (Paquet et al., 2020), and we note variation when
carcass size is consistent. However, further studies are required to determine whether other
ecological factors (i.e. population density) or female characteristics (i.e. female condition)
contribute to the variation in egg hormone provisioning within insects. In particular, we would
expect variation in maternal hormone transfer to be most pronounced within no care species such
as P. morio given they lack Nicrophorus parental care behaviors known to improve offspring
fitness (i.e. resource modification, parental provisioning, application of antimicrobial compounds
to carrion, filial cannibalism to match offspring number to carcass size). The observed variation
in P. morio supports this, as does the more pronounced trade-off in number of eggs produced and
egg hormone content. Although species specific variation is lower within Nicrophorus relative to
P. morio, we surprisingly noted that Nicrophorus orbicollis, a species with obligate parental
care, exhibited more variation in egg hormone content than a species with facultative care, N.
marginatus. This contrasted with our expectations, as we would have anticipated that variation
and hormone transfer would be more advantageous in contexts where parental care is not
required for larvae to develop and survive. Although speculative, it is possible that the increased
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egg hormone provisioning and variation exhibited in N. orbicollis relative to N. marginatus may
be related to the heightened importance of begging in N. orbicollis, as offspring must feed from
the parent within 24 hours to survive (Capodeanu-Nägler et al., 2016; Capodeanu-Nägler, Prang,
et al., 2018). The increased egg hormone transfer in N. orbicollis may reflect selection to support
offspring mobility and competitive begging behavior immediately following hatching
(Capodeanu-Nägler, Eggert, et al., 2018), as steroid hormones promote begging in young altricial
birds (Gil, 2008; Groothuis, Müller, et al., 2005).
Our findings align with life history and resource allocation theory (Stearns, 1992) and
suggest that females experience energetic and physiological constraints in egg hormone
allocation during reproduction. As such, the energetics of hormone allocation and potential
implications for offspring fitness suggest that the life history of an organism may also play a
critical role in the evolution of hormone allocation within and across taxa. For example, the
insects in the present study have rapid egg development (2-5 days) that likely allows them to
better utilize ephemeral resources that degrade rapidly (Anderson & Peck, 1985; Peck, 1981;
Scott, 1998) compared to egg development in insects such as crickets (10-14 days) (Patton,
1978). These differences in development rates are also associated with pronounced differences in
free ecdysteroid levels, with cricket eggs containing ~ 1-3 pg/egg (Crocker & Hunter, 2018a),
whereas we observed free ecdysteroid levels beginning at 85 pg/egg in the silphids sampled in
this study. Additional comparative studies are required to further elucidate the role of life history
strategy and the evolution of hormone provisioning. Of particular interest will be studies that
include species that differ in parental care, and those that develop on ephemeral resources, which
will contribute to understanding variation in the evolution of hormone allocation strategies.
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CHAPTER 4: SCIENCE FRIDAY: A MIXED METHOD STUDY ASSESSING THE
EFFECTS OF REPEATED GUIDED-INQUIRY INTERVENSIONS AND GROUP
WORK ON MIDDLE-SCHOOL SCIENTIFIC PROCESS SELF-EFFICACY
ABSTRACT
Studies of student classroom teaching strategies have revealed a shift in approach over the last
decade, with increased emphasis on integrating inquiry-based learning opportunities in the
classroom. Moreover, pedagogical experts also advocate for the inclusion of group work to
improve student learning outcomes. However, there is limited research on how both social
environment and repeated opportunities to engage with the scientific process may impact a
student’s perception of their abilities (i.e. their self-efficacy) to successfully complete scientific
tasks. We conducted a mixed-method study designed to assess student scientific process selfefficacy in response to participation in group work and repeated exposure to inquiry-based
learning. During their science class period, students worked either independently or in groups
and were administered a scientific process self-efficacy instrument prior to, and following,
individual inquiry-based learning opportunities. Our data demonstrate that student social
environment did not contribute to student self-efficacy. Rather, we demonstrate that students
require a minimum of three inquiry-based learning opportunities to exhibit significant increases
in their scientific process self-efficacy. We also note a potential role for novelty and student
choice as part of the scientific process self-efficacy framework.
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INTRODUCTION
Across the last decade, the adoption of Next Generation Science Standards (NGSS) has
restructured K-12 science instruction. In particular, the implementation of this framework
utilizes a 3-dimensional approach, one dimension of which focuses explicitly on scientific
practices. This dimension emphasizes the need for students to understand how scientific
information is generated and calls for the incorporation of opportunities to do science within the
K-12 curriculum (National Research Council, 2012). The premise is that these opportunities may
facilitate student understanding of knowledge generation across sciences, but also provide
opportunities which increase student interest, curiosity, and motivation (National Research
Council, 2012). As such, project-based learning and inquiry-based learning are recognized
techniques that provide students with the opportunity to engage in scientific practice. In fact,
these NGSS-recommended instructional practices have well-documented outcomes in the
science education research literature (Alfieri et al., 2011; Barron et al., 1998; Bruder & Prescott,
2013; Freeman et al., 2014; Hmelo-Silver, 2004; Lazonder & Harmsen, 2016; Minner et al.,
2010).
One outcome of interest is how the integration of these instructional practices impacts
student self-efficacy in the sciences. Self-efficacy, students’ perceived beliefs about their ability
to accomplish specific tasks (Bandura, 1997), is accepted as one of the primary components that
contributes to student motivation in school. Bandura’s self-efficacy theory posits that there are
four primary sources which contribute to students’ perceived beliefs with respect to task
accomplishment: mastery experiences, social persuasion, vicarious experiences, and emotional
status. Of primary importance is mastery experiences, as it provides students with meaningful
opportunities to inform their self-efficacy based on the outcomes of their own experiences with
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accomplishing tasks. As a result, mastery experiences serve as a robust indicator of student selfefficacy. Although the remaining three sources tend to play a lesser role in self-efficacy
development, there is also evidence that social persuasion (e.g. family, instructor, peer feedback),
vicarious experiences (e.g. observing peer outcomes during task accomplishment), and a
student’s emotional state during task accomplishment (e.g. anxiety, excited) can also contribute
to their self-efficacy development (Bandura, 1977).
In schools, self-efficacy beliefs are important indicators for student achievement,
retention, and career choice, with greater self-efficacy increasing the likelihood of positive
outcomes (Chemers et al., 2011; Lent et al., 1986, 2008; Mehauk & Schuun, 2008; Usher &
Pajares, 2008). Accordingly, classrooms that implement hands-on activities that allow students to
engage in scientific practices are called for by NGSS reform and can have pronounced effects on
improving student self-efficacy (Dunlap, 2005; Grabau & Ma, 2017). The importance of such
activities is likely driven by the importance of mastery experiences, or students’ own
experiences, and is consistently observed to be a strong predictor of student self-efficacy (Usher
& Pajares, 2008). However, the self-efficacy instruments utilized across studies tend to evaluate
science self-efficacy more broadly, rather than looking explicitly at the skills utilized during the
scientific process. Additionally, most self-efficacy assessments only assess student self-efficacy
prior to and following interventions (Ainscough et al., 2016; Ballen et al., 2017; Gormally et al.,
2009; Wu & Hsieh, 2006), which inhibits our ability to understand how the number of
interventions contributes to observed self-efficacy changes.
In inquiry-based learning environments, classrooms also incorporate opportunities for
students to work with peers. In these contexts, the guiding philosophy behind group work is that
these peer interactions may facilitate deeper learning via discussion while also developing
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communication skills (Wilson et al., 2018). These group environments can have positive
outcomes provided that tasks meet underlying difficultly requirements and have instructor input
(Chapman & van Auken, 2001; Davis, 1984; Springer et al., 1999; Wilson et al., 2018).
However, few studies have explicitly investigated how these group interactions may also affect
student self-efficacy outcomes during inquiry-learning. For example, it is possible that student
self-efficacy may be differentially affected for students who work in groups rather than
individually on inquiry-based tasks, either in response to peer commentary (i.e. social
persuasion) or their required engagement on group tasks (i.e. mastery experiences). In groups,
students may receive either positive or negative feedback from their peers, which may influence
their perceived ability in accomplishing specific tasks successfully or may have fewer
opportunities to complete tasks associated with the scientific process themselves.
The roles of repeated exposure and group work on scientific process self-efficacy are
particularly pertinent in middle-school contexts, as students between ages 10-14 are especially
influenced by learning opportunities (Roeser et al., 1998), and their self-efficacy is a strong
indicator of achievement (Pajares & Britner, 2001). Here we describe a 7th grade mixed-method
study designed to assess how group work and repeated exposure to inquiry-based learning
affected student scientific process self-efficacy. The objectives for this study were three-fold: 1)
to determine how the number of inquiry-based interventions contribute to changes in final
scientific process self-efficacy, 2) to determine whether working in a group versus individually
influenced student self-efficacy and 3) to qualitatively determine what program attributes may
have contributed to engagement with scientific process tasks.
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METHODS
Participants
Student participants were in 7th grade at a public middle school on the east coast of the
United States of America at the time of the study. The socioeconomic status of the school district
was largely middle class, and most students were of Caucasian background. Information
regarding student gender was not available. Parental consent and student assent were collected
for all student participants according to IRB expectations (UNH IRB approval #6760). Students
involved in this study did not receive any incentive to participate. There were 135 students
approved to participate in the study across two years. Separate approval was collected from
parents and students who participated in the semi-structured interviews.
Development of the Survey Instrument
The Scientific Process Self-Efficacy Instrument was designed to assess student perceived
ability to complete tasks specific to activities involved in the scientific process. During
instrument development (i.e., originally 16 items; 14 items in final instrument), assessment of
student abilities associated with the scientific process were written as task-specific statement
prompts that were evaluated in a five-point Likert scale (strongly agree-strongly disagree) (Table
9). To ensure instrument validity, two separate forms of validity evidence were collected prior to
instrument administration (Bass et al., 2016; Reeves & Marbach-Ad, 2016). First, the survey
instrument underwent expert review by both fellow scientists and middle-school teachers. Each
expert was asked to evaluate individual items for alignment with the scientific process construct
as well as for clarity, with suggested adjustments on item phrasing implemented. Following
expert review, we conducted talk-aloud cognitive interviews with 7th grade students to ensure
that the instrument scales were comprehensible to students and aligned with the intent of the
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survey. Following each set of talk-aloud interviews, unclear items were revised to improve
clarity as necessary. Two items from the initial instrument were removed in response to
consistent issues with student interpretation and clarity.
Additionally, because the scientific process instrument is new, an exploratory factor
analysis (EFA) was conducted in R (R Core Team, 2019) using the psych package (Revelle,
2019), which allowed us to determine the internal structure of the construct (Beavers et al., 2013;
Knekta et al., 2019). The survey instrument was administered to 7th grade students in the fall of
2018 and 2019, with 128 complete survey instruments analyzed. Given this sample number is
small compared to recommended sample sizes, the Kaiser-Meyer-Olkin measure of sampling
adequacy (psych package) and Bartlett’s test of sphericity (REdaS package) were calculated to
determine whether factor analysis may be useful with the data. For both tests, results indicated
that EFA was appropriate as KMO was 0.93 while Bartlett’s test of sphericity had a p < 0.0001.
Additionally, literature supports that the required sample size for EFA is related to the number of
factors, the number of items per factor, factor loadings, and item communalities (de Winter et al.,
2009; MacCallum et al., 1999; Maccallum & Widaman, 2010; Mundfrom et al., 2005). Taken
together, these studies and the results of our analysis indicate that our data and sample size was
sufficient to conduct an EFA and produce stable solutions.
Given the ordinal and non-normal nature of the data, principal axis factor estimator was
used to extract data variances during EFA. Oblique factor rotation was chosen for the EFA given
that the different subscales were correlated. Finally, visual inspection of a scree plot, the Kaiser
rule and parallel analyses (nFactors package) were used to determine the appropriate number of
factors to retain (Raiche & Magis, 2020). All three methods indicated that a 1-factor solution was
appropriate and explained 51% of the variation in the data. Internal correlations amongst items
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were determined, with all inter-correlations falling within the acceptable 0.3-0.8 range. During
EFA, an inclusive pattern coefficient threshold of 0.4 was established for individual items, with
items from our instrument producing acceptable loadings (Table 9). Cronbach’s alpha was
calculated to determine internal reliability of student responses, with a reliability coefficient of
0.70 or higher considered acceptable (Netemeyer et al., 2003). Internal consistency of the
instrument was deemed acceptable (α = 0.93).
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1 – create a research question for a science experiment?
2 – look-up information to help create a research question?
3 – come up with a testable research hypothesis for your experiment?
4 – create a research prediction based on what you expect to find in your experiment?
5 – design your own experiment without help?
6 – explain why it’s important to repeat an experiment several times?
7 – record data accurately?
8 – write detailed notes about your research observations during the experiment?
9 – find patterns in the data you collected?
10 – create graphs of your data to display your results?
11 – describe what you research results mean to another person?
12 – explain to another person why your research results are important?
13 – determine if your research results support your hypothesis?
14 – identify ways to improve your experiment for next time?

Standardized
pattern
coefficients
0.70
0.75
0.73
0.74
0.68
0.73
0.61
0.74
0.79
0.66
0.72
0.73
0.73
0.64

H2

0.49
0.56
0.53
0.55
0.46
0.54
0.37
0.55
0.63
0.44
0.51
0.53
0.53
0.41
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Table 9: Standardized pattern matrix for the scientific process self-efficacy instrument.
Item
*All statements begin with “How confident are you that you could”

Study Design & Classroom Implementation
To facilitate student immersion in the scientific process, 7th grade students participated in
“Science Friday” which occurred weekly over the course of the 2018-19 school year. Science
Friday consisted of three separate research experiments conducted by students, each of which
occurred every Friday for six weeks. There were four separate class periods which participated in
Science Friday, two of which were assigned to work as groups (40 total students) while the
remaining two periods conducted experiments individually (37 total students). For group class
periods, students self-selected into groups which consisted of three to four students.
Student experiments for the Science Friday program emphasized basic ecological
concepts by utilizing three research experiments including bacterial cultures (biodiversity),
Winogradsky Columns (nutrient cycling), and burying beetle reproduction (animal social
behavior). All experiments were considered guided inquiry as students determined their primary
research question and manipulated variables following the provision of a guiding research
question to the entire class (Table 10). Each day during the 6-week period of an experiment,
students focused on one specific skill of the scientific process (Table 11). To initiate their study,
students constructed their research question, hypotheses, and predictions. Next, they collected
their research data and subsequently reported their results in graphical format. Finally, at the
completion of data collection, students determined whether their data supported their initial
hypotheses, interpreted the data, and explained their results to their peers. For the school year,
each student was provided with a lab notebook in which they recorded their experimental
observations and findings during Science Friday. To assess student sentiments of self-efficacy in
the classroom, students took the scientific method self-efficacy survey prior to the beginning of
Science Friday. Then, students retook the self-efficacy survey following the completion of each

67

experiment, for a total of four separate times (Timepoints: pre, unit 1, unit 2, post). Following the
completion of the Science Friday program, we conducted semi-structured interviews with all
consenting students. The interviews focused on questions regarding their experiences during
Science Friday (Appendix B), and follow-up questions were used to clarify student answers
when necessary. All interviews were audio-recorded, de-identified, and subsequently transcribed
with Rev transcription service (Rev.com, San Francisco, CA).

Table 10: Guiding Experimental Questions. According to each experiment, students were posed
with an initial guided experimental question. Following this initial question, students narrowed
their research question to address one subset of variables which fell within this category.
Experimental Activity
General “Guiding” Question
Unit 1: Bacterial Cultures

How do different cleaning solutions affect bacterial diversity?

Unit 2: Winogradsky
Columns

What type of bacterial communities grow in the soil and what
influences that growth?

Unit 3: Burying Beetle
Reproduction

What environmental factors affect burying beetle reproduction?

Table 11: Science Friday Skill List. Each week of specific experiments, student objectives
focused on building specific skills associated with the scientific process.
Week
Scientific Process
1
Research Question
2
Hypothesis and Predictions
3
Methods Part I: Experimental Design (Control, Independent, and Dependent
Variables)
4
Methods Part II: Qualitative vs. Quantitative Data Collection
5
Results: Graphical Depiction of Data
6
Conclusions
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Quantitative Analyses
Prior to analyses, data from two individuals were removed entirely from the dataset as
they were missing two or more entire survey rounds. Following removal of these data points,
missingness was evaluated for the entire data frame. Across the data, less than two percent of
data were missing at random which has been demonstrated to have minimal effects on the
outcome of data analysis (Tabachnick & Fidell, 2019). Even so, multiple imputation was used to
estimate missing values (Enders, 2010). Following multiple imputation, student responses to the
Likert response items were averaged to obtain mean scores across each time-point (de Groot &
Steg, 2008; Sutter et al., 2018).
The effect of repeated guided-inquiry and group work on student scientific process selfefficacy average scores was subsequently assessed via multilevel modeling. This statistical
approach allowed us to account for repeated measurements of individual students as well as the
nested nature of our data (Theobald, 2018). Both student work environment (group vs.
individual) and intervention number (1-4, with 1 representing presurvey scores) were included in
the model as fixed effects. Individual students and class periods were included as random effects
with random intercepts and fixed slopes, allowing us to account for the nested and repeated
nature of our study while avoiding issues of pseudoreplication. Multilevel models were analyzed
with the lme4 package in R (Bates et al., 2015). We conducted visual inspection of residual plots
to evaluate whether data met the assumptions of normality and homogeneity of error (Zuur et al.,
2009). P-values were obtained via the lmerTest package in R (Kuznetsova et al., 2017).
To determine which model best explained the data, model selection using Akaike’s
information criterion (AIC) was used (Akaike, 1973). We used the Akaike’s information
criterion corrected for small sample sizes (AICc) on linear mixed-effects regression models with
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a continuous response variable using the MuMIn package (Barton, 2020). We followed the
protocol outlined in Zuur et al., 2009 to determine the optimal random and fixed effect structure.
Briefly, we first determined the appropriate random effect structure with REML and compared
this to a fixed effect only model. The final model included both work environment and
intervention number as fixed effects and only the random effect of student ID based on AIC
criterion for model selection.
Qualitative Analyses
Interview and Coding Procedure
A subset (30 total) of interviews were transcribed for qualitative analyses. Transcribed
interviews from students in each class period were included, with 16 total interviews from
students who participated in group work and 14 interviews from students who worked
independently. Prior to qualitative analyses, qualitative memos and thematic coding were
conducted on a subset of interviews to reflect on student responses and develop initial codes
(B.K.W.K). Following initial code development, researchers (B.K.W.K., J.M.B) read through
and iteratively coded 20% of student interviews independently. During coding iterations,
researchers met to discuss any additional codes each had created, how initial codes were applied,
and need for code clarification. Revisions on the codebook were completed during this iterative
process, until researchers came to a consensus on discrepancies. Additionally, during initial
codebook development, codes which did not directly pertain to our research objectives were
removed. In response, the final codebook (see Appendix B, Supplementary Table S6) included
codes which addressed student verbal description of their self-efficacy change and the source
they credited to this change, as well as program attributes (i.e. pedagogical style) that students
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used to justify their engagement with the Science Friday curriculum. Initial interviews were recoded with the final modified codebook.
IRR and Statistical Analyses
Following finalization of the codebook, researchers (B.K.W.K., J.M.B) both
independently coded 40% of the interviews to establish the reproducibility of the codebook
(Belur et al., 2018). Percent agreement and inter-rater reliability were calculated with package irr
in R statistical software (Gamer et al., 2019). Cohen’s Kappa (κ) was 0.6 on applied codes for
pedagogical style across interviews, which is considered moderate agreement (Landis & Koch,
1977). The Kappa for pedagogical style represents the application of three separate subcodes (i.e.
hands-on, choice, and novelty) within student interviews. Thus, the low Kappa value may be
explained by the variation in percent agreement for each individual subcode. Researchers had
high agreement for the application of the hands-on (80%) and choice (84%) subcodes, but
novelty had relatively low agreement (56%). Although a Kappa of 0.6 is not considered a robust
indicator of IRR, we considered this value sufficient for our study given the qualitative data
pertaining to pedagogical style supplements our interpretation of our quantitative analyses and
results and does not call into question our central research finding. For student self-efficacy
change and observed source of self-efficacy change, we only calculated percent agreement for
each code in response to the underlying math and sensitivity of Cohen’s Kappa to prevalence
bias. Percent agreement for the direction of self-efficacy change (i.e. increase) and the source of
self-efficacy (i.e. mastery) were 100% and 86.4% respectively. Following establishment of IRR
and percent agreement, the remaining interviews were coded by B.K.W.K. To ensure rater
stability over time, intra-rater reliability (test-retest reliability) was calculated on interviews
coded by B.K.W.K. To do so, the researcher re-coded 20% of the interviews one month after
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initial coding. The results of the recoding had a Cohen’s Kappa (κ) of 0.82 across interviews on
applied codes between the initial and re-coded interviews, which is considered high agreement
(Landis & Koch, 1977). To determine whether there were differences between students who
worked in groups or individually with respect to their perceived self-efficacy change, and the
pedagogical styles reported during the interview, we compared student responses between these
groups with a chi-square analysis in R.
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RESULTS
Quantitative Results:
Our study indicated that there is no difference in student scientific process self-efficacy score in response to their working
environment during inquiry experiments (ꞵ = 0.11 ± 0.16 [SE], p value = 0.46). The main effect of number of inquiry experiments and
its effect on scientific process self-efficacy was well supported in our analyses. Specifically, student scores do not change following
the first experiment (ꞵ = 0.0.2 ± 0.06 [SE], p value = 0.76) or second experiment (ꞵ = 0.10 ± 0.07 [SE], p value = 0.13), but there is a
significant increase following the completion of a third inquiry experiment (ꞵ = 0.15 ± 0.07 [SE], p value = 0.02). This indicates that

their initial average self-efficacy score (Table 12).

Table 12: Number of mastery experiences significantly impacts student scientific process self-efficacy in middle-school science.
LMM averaged
Parameter
regression coefficient ±
Df
t value
Lower-95
Upper-95
PR (>|t|)
SE
Intercept
3.65 ± 0.12
89
29.73
3.41
3.89
<0.0001
Treatment
-0.11 ± 0.16
71
-0.74
-0.43
0.19
0.46
(reference level: group)
Time-point
(reference level: Pre)
2: Unit 1
0.02 ± 0.07
209
0.30
-0.11
0.15
0.76
3: Unit 2
0.10 ± 0.07
209
1.51
-0.03
0.23
0.13
4: Post
0.15 ± 0.07
209
2.31
0.02
0.29
0.02
a
Although not shown, this model also includes random-effect term: (1: Student ID).
b
Bolded p values are significant.
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on average, student self-efficacy was approximately 0.15 points higher by the end of Science Friday inquiry experiments relative to

Qualitative Results:
Students from both individual and group work environments were equally likely to report
an increase in their perceived scientific method self-efficacy during the interview (χ2 = 0.004; df
= 1, p value = 0.94, N = 30). Twenty-nine out of 30 (97%) students reported an increased selfefficacy except for one student who worked individually and reported no change at the end of the
Science Friday program. Interestingly, students occasionally reported that this overall increase in
their self-efficacy was conditional on outside feedback and the specific scientific task. For
example, although some students expressed an increase in their scientific process self-efficacy,
they still felt that their success was conditional on external assistance.
“I feel like I just need someone there, I don't know. I'm not a very independent person.
That's just me. I mean, I guess I could do it, but I wouldn't record anything accurately.
Just I wouldn't be good.”
These improvements in self-efficacy could also depend on specific task students completed
during the scientific process. In these contexts, student self-efficacy across tasks will vary
depending on their interests and perceived strengths, as well as the number of opportunities to
engage with the task.
“It was a little confusing as when we started, but as we gradually went on, it was easier.
Graphing, I was pretty good at it, and then I guess coming up with a hypothesis was kind
of difficult, cause its kind of like, well, what do I want to do for this question? What do I
want to do? Yeah, so I feel like you could definitely see a change from the beginning to
the end.”
“No. I feel like I just don't have that type of... I would probably need help for that,
because I need some sort of guidance with experiments. Because I don't think I really feel
the confidence to make up my own experiment, but I could probably explain what things
mean. I could explain what to do in situations like that. First you have to explain what
your hypothesis is, then you go in and do the graphs, do the information, then say if your
hypothesis was the correct thing to say. And if it wasn't, then you can try again, so, cool.”
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In addition, 29 out of 30 students (97%) reported mastery experiences (i.e. experience
conducting scientific process) as their rationale for increased self-efficacy. During these
conversations, the importance of repeated mastery experiences became evident. Students report
that the ability to practice scientific process skills multiple times during different experiments
throughout the year was integral to increasing their self-efficacy.
“Yeah, because then I got more used to it and more used to it. As I went on it was just, I
learned more about it and stuff and I feel like if we hadn't have done that, it was a
different type of method or whatever each time then I wouldn't have understood it as
much as I do now.”
“Oh, as we, went through it. As, from the first experiment was difficult, and then the
second one was easier and the last one was really easy.”
“I think that also helped, because you started to learn what you needed to do after the first
one or two experiments. I would feel a little confused on the first one, but then started
getting used to it, and it was better and better.”
“Yeah, because it made me more familiar with the process, doing it over and over again.
And it wasn't too many times, but it was just the right amount of times just to get used to
the system.”
Only one student mentioned emotional source of self-efficacy contributing to their scientific
process self-efficacy, with the student reporting anxiety during data collection and graphing task.
The student reported,
“No. It's just, I don't know, I record things incorrectly, or graph, I label them wrong. It's
just, I don't know. I don't like, it's stressful. It's bad.”
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Finally, there were specific
pedagogical characteristics of the Science
Friday program that students consistently
mentioned as increasing their enjoyment
of the experiments. These characteristics
included hands-on activity (e.g. doing a
task themselves), novelty (e.g. defined as
attributes which contrasted with their
expectations of school), and choice (e.g.
when students had control over an aspect
of their project).
There was no difference in the
mention of hands-on (χ2 (1, N = 30) =
1.12; p value = 0.28), novelty (χ2 (1, N =

Figure 7: Frequency of pedagogical style codes across
student interviews by group environment. Students worked in
groups (G) or individually (I). Dark blue represents
interviews where the code appeared, while grey indicates that
the code was not used.

30) = 0.46; p value = 0.49), and choice (χ2 (1, N = 30) = < 0.001; p value = 1) pedagogical
characteristics between individual and group work students. Overall, 17 out of 30 students (56%)
reported hands-on experiences as a characteristic of Science Friday they enjoyed, while 26 out of
30 (87%) reported novelty, and 29 out of 30 (97%) reported choice. Hands-on experiences
served as a source of enjoyment students and were also described as an important mechanism for
improving their learning outcomes.
“I was always excited because the hands-on stuff, it's fun. Especially with the burying
beetles, some people think it's gross. I think that it's fun. It just makes things more fun
and almost easier to understand if it's like a hands-on model kind of thing.”
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“Sometimes it feels like we're not doing enough hands-on. With Science Friday, they
kind of just showed us everything. We looked at it as firsthand instead of just hearing
about it in a documentary.”
“Because I like hands-on activities and I think hands-on activities actually help with
learning.”
“I thought it was really fun because you could just, like I said, I just like doing the
experiment part of it and that's how I learn better. And I think a lot of people liked it
since we could just like ... It's actually experimenting instead of just hearing what the
experiment is. We actually got to do it.”
Student statements also suggest that learning opportunities that deviated from their typical school
structure (e.g. novelty) were important in facilitating their enjoyment of Science Friday and tasks
associated with the scientific process.
“Well I really enjoyed it. It's a time to learn things you don't know and you wouldn't
know on a regular basis at school.” And the same student later stated: “Like you get to
experiment things for example, the burying beetles. You wouldn't do that in school.”
“Well, every time I looked forward to it, because it was not like an actual class period
because it was fun. So pretty much every time I looked forward to.”
“I thought they were pretty fun. It was like a cool break from the normal class.”
”Well, I guess when we were doing normal classes, I was just kind of like, "I wish I was
doing Science Friday experiment instead of looking at the board." ”
Opportunities for student choice were also important, as students felt this provided them
opportunities to curate their learning experiences to their own interests. As a result, students
expressed increased engagement with the science Friday curriculum.
“I feel like we had a little more freedom and I liked that. Because then I could do what I
was more interested in than like say you're telling us what to do.”
“Because most of the teachers in science, they're like, "Here's your experiment, this is
what you're going to do, and these are your tools," and you gave us options for tools, and
temperatures, and all that, and I really like that part.”
“Sometimes, you have to do a project and everybody does the exact same thing, because
you don't have options. And I think it was cool that we could do different things.”
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“Very interesting. How we chose Mr. Clean just for one of them. It was fun. It was more
like freedom to do what we want. In our class, we have this open studio instead of just
getting told what to do. Right now, it was like that, just if you can ask anything about this
one thing, what would it be if you just give us something like that? That's what it felt
like.”
“I thought that was really fun because we had a little more freedom and not everyone was
doing the same thing. So it was cool because me and my group got to choose our own
and see what we wanted to figure out, and we got to figure that out. I guess in school
we're always told, "This is what you do." And then when we get more options, it's just
kind of more fun. And it feels more like real life, almost.”
“I like that because then we have the freedom to choose what you want to, so you can't be
like, "Oh, I don't like this experiment. It's not what I wanted to do," because you get to
make it your own, like personalize it.”
DISCUSSION
According to Bandura, self-efficacy results from four sources, one of which is based on
the role of social factors (e.g. social persuasion) during self-efficacy development (Bandura,
1977). We found no evidence that students in groups had lower self-efficacy than their peers who
worked individually. Student interviews support this assessment, as all students, despite group
context, reported an increase in self-efficacy in response to repeated mastery experience rather
than a social effect. The role of mastery experiences is commonly accepted as the most
influential source of self-efficacy (Usher & Pajares, 2006, 2008), as students engage with the
task themselves and can subsequently gauge their success in response to their own experiences.
In the context of Science Friday, all students, regardless of working in a group or individually,
were able to engage in the scientific process and did not merely watch their peers complete tasks.
Thus, it is logical for students to report mastery experiences for their assessment in their ability
to complete the scientific process. However, it is also possible that students’ ability to self-select
their groups may have also mitigated the potential negative role of social persuasion in the
observed changes in self-efficacy. During Science Friday students often chose to work with
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peers who were friends or had similar interests and/or, presumably, educational values. In these
contexts, self-selected groups may result in a more cohesive work environment that provides less
negative feedback and more intriguing conversation and support during group work. For
example, research on group self-selection has demonstrated that groups are established from preexisting social networks and have increased productivity relative to randomly assigned groups in
the workplace (Chen & Gong, 2018). Additionally, in a collegiate marketing course, students
who are allowed to self-select their groups report improved group dynamics such as
communication, enthusiasm, and confidence in members’ abilities (Chapman et al., 2006). These
findings suggest that the method of group selection in our study may instead play a positive role
in student group work and self-efficacy, albeit the role appears less important relative to the
opportunity to engage with mastery experiences (Usher & Pajares, 2008). Our study also
emphasizes the importance of integrating multiple opportunities for student engagement with the
scientific process to improve student self-efficacy. Specifically, our data indicate that a minimum
of three inquiry-based experimental interventions are required for students to exhibit significant,
quantifiable increases in scientific process self-efficacy relevant to their initial scores. This
quantitative result was supported qualitatively from student interviews regardless of student
work environment, as students indicated that repeating inquiry-based investigations throughout
the year increased their confidence in their ability to use the scientific process. The importance of
repetition is well documented in the literature, as it has quantifiable benefits to improving student
learning (Kang, 2016). In addition, previous studies have demonstrated that courses which
integrate mastery experiences (e.g. inquiry-learning) as part of the curriculum show an increase
in scientific skills and self-efficacy at the end of the course (Ballen et al., 2017; Gormally et al.,
2009; Wu & Hsieh, 2006). However, despite the overall increase in scientific process self-
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efficacy, qualitative analysis indicates this increase may vary with the types of tasks conducted
during the scientific process and requires further investigation.
In addition to qualitative data supporting student changes in self-efficacy, three program
attributes emerged as potential characteristics to integrate as part of the curriculum to increase
student enjoyment. These attributes included hands-on experiences, choice, and novelty, all of
which appeared equally important to students and occurred consistently across student
interviews. Interestingly, the importance of student choice aligns with self-determination theory,
which posits that when students can exert a level of control on their learning environment, they
will exhibit enhanced intrinsic motivation and improved student learning outcomes in the
classroom (Niemiec & Ryan, 2009; Ryan & Deci, 2000). Moreover, student choice (e.g.
autonomy) has important implications for their self-efficacy and/or engagement in the classroom.
For example, a growing body of literature demonstrates that student autonomy support results in
greater self-efficacy (Jungert & Koestner, 2015; Ng et al., 2016; Overall et al., 2011; Wang &
Tsai, 2020), which can positively impact student engagement (Oriol-Granado et al., 2017; Wang
et al., 2017). Students also noted that their enjoyment in Science Friday tasks emerged from a
sense of novelty, in which learning activities contrasted with their expectations of typical school
curriculum. Additional research posits that “novelty” is an additional psychological need,
comparable to autonomy, that improves intrinsic motivation (González-Cutre et al., 2016). For
example, in physical education classes, novel activities increased student intrinsic motivation
(González-Cutre, 2019). There is also evidence that novelty is positively related to student
engagement (Benlahcene et al., 2020; Mitchell & Carbone, 2011). The emergence of both
autonomy and novelty during student interviews suggest that they may contribute to student selfefficacy and engagement in science and should be further investigated.
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Here, we present a new instrument designed to assess student scientific process selfefficacy. Our mixed-method study indicates that there are certain steps instructors can implement
to improve middle-school student self-efficacy and engagement in school during scientific
inquiry. First, it is insufficient to introduce students to scientific inquiry only once. Rather, for
student perception of their abilities in science to improve, they need repeated opportunities
throughout the school year to engage in the scientific process. Second, we recommend
instructors provide opportunities for student choice, where students can align specific learning
opportunities according to their own interests. In our study, these opportunities for choice
emerged within experiments, where students could manipulate different independent variables
based on their own interests while still addressing the overarching research question. In other
contexts, teachers could also include opportunities for student choice in homework format (e.g.
essay, brochure, video, etc.). Lastly, our qualitative data suggest that there may be a role for the
introduction of activities or topics that are unexpected or contrast with student expectations (e.g.
novelty) on student enjoyment of activities. Further research should seek to understand what
underlying factors may alter task specific self-efficacy in the scientific process, and the role of
novelty and choice in the middle-school classroom with respect to their scientific engagement.
Although our study demonstrated a role for repeated exposure to the scientific process in
increasing student self-efficacy, we are unable to say if these changes are associated with the
order and type of experiments conducted, or purely the number of experiments students
conducted. Future studies may consider repeating a similar experimental protocol but varying the
order students complete experiments. Additional studies are required across diverse communities
to further develop our understanding of whether these findings vary based on student race,
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gender, or socioeconomic background, and the universality of hands-on experiences, choice, and
novelty in the development of student engagement and scientific process self-efficacy.
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CONCLUSIONS
Since Darwin first proposed the theory of natural selection, it has become well-accepted
as a primary driver of organism life history traits (Darwin, 1859). My dissertation research has
provided further insight into the evolutionary relationships between life history traits such as
physiology and behavior, and how these relate to the environment. In addition, I have
demonstrated how these ecological topics can be integrated as inquiry-based experiments which
improve middle-school scientific process self-efficacy.
My first chapter provided insight into the role of insect scavengers in ecosystems,
particularly by emphasizing their role in mediating resource sequestration and nutrient release.
Historically, insects have received notably less attention on their contribution to soil nutrients
than other taxa given their small biomass relative to plant or microbial communities (Bar-On et
al., 2018). Despite the economic value of insect behaviors on ecosystem process (Losey &
Vaughan, 2006), our relative understanding of insect contributions to ecosystems is constrained
to well-studied insect groups (Jouquet et al., 2006; Yang & Gratton, 2014). My work
demonstrated how the uniquely adapted life history behaviors exhibited in an insect scavenger,
particularly carrion sequestration and consumption, aid in maintaining soil inputs in an
ecosystem despite the consumption of the resource during offspring development. Moreover, I
emphasized the importance of conserving insect populations in a period of historical insect
declines and suggests further studies are required to understand how individual life history traits
further mediate soil nutrient release and transfer.
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Given the breadth and diversity represented across insect taxa, there is great variation in
the physiological mechanisms which regulate specific life history traits (Dubrovsky, 2005;
Nijhout, 1994; Raikhel et al., 2005; Schooley et al., 2012). My work has expanded our
understanding of the hormonal coordination of reproduction in a semi-social insect in relation to
ephemeral nutritional resources. As such, my study suggests that ecdysteroids play an essential
role in coordinating female nutritional status with oocyte development. These findings add
further insight into the physiological mechanisms that regulate reproductive processes in insects
and provide additional evidence for the role of ecdysteroids in coordinating reproduction in
systems which rely on nutritional cues to initiate oogenesis.
Although egg hormone transfer is relatively well-studied in some taxa, our understanding
of how hormone transfer varies in relation to the level of post-hatch parental care is limited. My
work is the first comparative study in insects to demonstrate that maternal investment in posthatch parental care effects female egg hormone transfer. Female species without post-hatch
parental care transfer higher levels of ecdysteroids compared to species with elaborate post-hatch
parental care behaviors. However, the implications of egg hormone transfer on female fitness, as
well as the role of ecdysteroids in regulating offspring traits and success are not well understood.
To better understand the evolutionary implications of hormone transfer on female and offspring
fitness, further studies are required which investigate how hormone transfer varies across insect
life histories.
Finally, my work demonstrates that many topics addressed in ecology research are
excellent tools to facilitate student scientific process self-efficacy development. This study shows
that student self-efficacy increases in response to mastery experiences, but a minimum of three
interventions are required for students to exhibit gains in their perceived self-efficacy. This
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project demonstrates that the integration of Science Friday experiments are an excellent way to
inspire youth science engagement (Mitchell & Carbone, 2011; Oriol-Granado et al., 2017; Wang
et al., 2017). In particular, students felt that the novelty of the activities, and their ability to
conduct the experiment autonomously were valuable to their own understanding of the scientific
process. This project demonstrates a threshold number of experiences required for students, and
that this content may also be integrated as part of the K-12 curriculum to further meet NGSS
expectations.
In sum, although the topics of my dissertation may initially seem disconnected, they
demonstrate the interconnectedness amongst various ecological themes. Specifically, the topics
of my dissertation all relate to the evolution of insect life history traits in response to natural
selection and demonstrate the reciprocal nature of the environment and organism life history.
Environmental factors may coordinate the direction and development of organism life history
processes, but these same life history traits exert effects on the ecosystem. I also demonstrate
how the underlying theme of natural selection also applies to student learning. Specifically,
repeated exposure to an environmental stimulus (e.g. inquiry-based experiments) helps students
experience increases in their scientific process self-efficacy.
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APPENDIX A: CHAPTER 1 SUPPLEMENTARY MATERIAL
Supplementary Figure S1: NMDS ordination of microbial community abundances by treatment
as measured by phospholipid fatty acid (PLFA) analysis. There was no difference in the
microbial community among treatments, and soil pH significantly correlated with microbial
community abundances. Squares indicate control (C), circles indicate carcass only (CO), and
triangles indicate burying beetle plots (CB). Soil abiotic characteristics with a correlation of 0.1
or greater were retained (indicated by arrows).
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Supplementary Table S1: Soil abiotic attribute correlations with NMDS ordination axes.
2018 Environmental Correlations
Response Variable
NMDS1 NMDS2
r2
pr(>r)
Labile C
0.388
0.921
0.018
0.815
NO3
-0.828
0.559
0.027
0.742
NH4+

-0.652

-0.757

0.0003

0.996

Moisture
pH
Soil C:N
DOC
DON
DOC:DON

-0.827
0.619
0.039
0.237
0.609
-0.356

0.561
0.785
-0.999
0.971
0.793
-0.934

0.017
0.332
0.078
0.116
0.233
0.191

0.826
0.020 *
0.443
0.283
0.071
0.104
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SUPPLEMENTARY METHODS: PRELIMINARY STUDY
Experimental Design
In the summer of 2017, five forest sites owned by the University of New Hampshire
(UNH) were used, with three plots within each site to account for soil heterogeneity. Hardwood
forest ecosystems in this study included: 1) College Woods (43°07’ 54.12” N, 70° 56’ 55.12”
W), 2) East Foss Farm (43° 07’ 20.71” N, 70° 56’ 09.09” W), 3) Kingman Farm 1, 4) Kingman
Farm 2, (43° 10’ 08.61” N, 70° 55’ 49.53” W), and 5) Woodman Farm (43° 09’ 04.61” N, 70°
56’ 31.02” W). Plots were established at the beginning of July, which is near the end of N.
oribicollis reproductive season. During the preliminary study, approximately 24% of burying
beetle breedings were successful (e.g. produced offspring), which is lower than previously
documented breeding success in field studies, although success rates are highly variable
(Trumbo, 1990; Trumbo, 1995; Wilson & Fudge, 1984). Given the high burying beetle
reproductive failure rate, we utilized only one field site the following summer (UNH Kingman
Farm), and initiated field experiments at the onset of their peak active season (beginning of
June). For the summer of 2017, each subplot contained three replicates of each treatment: no
input (i.e. control, C), carcass only (CO), and a carcass with a burying beetle pair (CB).
Statistical Analyses
In the summer of 2017, total treatment samples sizes were as follows: C = 15, CO = 15,
and CB = 7. Analyses conducted on preliminary multivariate responses of soil abiotic
characteristics and microbial community followed those mentioned for the summer of 2018.
However, for preliminary data each treatment was nested within field site.
Following a significant soil abiotic PERMANOVA, preliminary data were analyzed
using a nested analysis of variance (ANOVA). The effect of field site on response variables was
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nested within the effect of treatment. Given this, field site is the level of replication and can be
considered a random effect nested within the fixed effect of treatment. Data were checked for
normality and homogeneity of variance prior to analyses and transformed to better meet the
assumptions of the analyses when necessary. Soil NH4+, DOC:N , DON, DOC, and MBN were
rank transformed, while labile carbon, MBC:N and total gram-positive bacteria were logtransformed.

SUPPLEMENTARY RESULTS: PRELIMINARY STUDY
Soil Abiotic Characteristics
Preliminary principal coordinates analyses indicated that there was strong separation in
soil abiotic characteristics between carcass addition treatments relative to control treatments
along axis 1. For the preliminary study conducted in 2017, axis 1 explained 58% of the variation
and axis 2 explained an additional 31% of the variation in the data (Supplementary Fig. 2). The
soil characteristics of DOC:N, DON, and DOC largely explained the variation in axis 1, while
NO3-, DOC, and DOC:N covaried with axis 2. Results of the PERMANOVA indicated that both
the carcass only (CO) and burying beetle (CB) treatments exhibited significantly different soil
abiotic characteristics as compared to the control plots in the preliminary data (F2, 37 = 68.8; R2 =
0.57; p < 0.001; Tukey HSD test: p < 0.01).
Analyses of variance indicated a significant effect of treatment on soil pH (2017: F2,23 =
22.7; p < 0.001), with carcass addition plots (CO & CB) having significantly higher pH than
control plots (p < 0.001) (Supplementary Table 2). Soil moisture did not differ across treatments
in the preliminary study (F2,23 = 1.54; p = 0.25). With respect to soil nutrients, there was a
significant effect of treatment on soil NH4+ levels (F2,23 = 4.38; p < 0.05) with significantly
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reduced levels of NH4+ in the CB treatments relative to the control (p < 0.05). Soil NO3- levels
did not differ among treatments (F2,23 = 0.252; p = 0.78).
During the preliminary study, there was no effect of treatment on soil carbon
mineralization (measured as soil respiration) (F2,23 = 2.98; P = 0.088), but soil dissolved organic
carbon (non-fumigated samples) significantly differed among treatments (F2,23 = 7.06; P < 0.01).
Specifically, soil dissolved organic carbon was elevated in both the CO (P < 0.001) and CB (P <
0.001) treatments compared to the control (Supplementary Table 2). This same effect was
observed with respect to dissolved organic nitrogen, (F2,23 = 27.09; P < 0.001) as carcass addition
plots exhibited significantly higher levels relative to the control (P < 0.001). These changes in
dissolved organic carbon and nitrogen resulted in significant decreases in the ratio between
dissolved organic carbon: nitrogen (F2,23 = 31.86; p < 0.001) in the CO (P < 0.001; 2018: P <
0.01) and CB treatments (P < 0.001) compared to the control. The effect of treatment on soil
total carbon: nitrogen ratio was consistent with these findings (F2,23 = 4.88; P < 0.001), with the
control treatment exhibiting significantly higher soil C:N ratios relative to the CO (2017: P <
0.01) and CB treatment (P < 0.01) (Table 1). However, there was no difference total C (2017:
F2,23 = 0.47; P =0.63) nor total N (2017: F2,23 = 0.23; P = 0.8) among treatments.
Microbial Biomass and Community Composition
Analysis of variance also indicated a significant increase in microbial biomass N (F2,23 =
28.28; P = 0.001), within both the CO and CB treatments relative to the control (P < 0.001). In
contrast, microbial biomass carbon did not differ (F2,23 = 1.76; P = 0.214). Given this, the
MBC:N ratio significantly differed among treatments (F2,23 = 52.97; P < 0.001) with significant
reductions in both the CO and CB treatments relative to the control (P < 0.001) (Supplementary
Table 2).
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Our preliminary data indicated that there was a significant effect of treatment on soil
community composition (F2, 37 = 3.22; R2 = 0.15; P < 0.01), with CO and CB treatments
exhibiting significantly different microbial communities as compared to control plots (P < 0.05)
(Supplementary Fig. 3). Although there appeared to be separation between CO and CB treatment
microbial community along the second axis, pairwise comparisons indicated non-significance (P
= 0.058). Microbial PLFA abundances were significantly correlated with soil labile carbon (R2 =
0.25, P < 0.05), pH (R2 = 0.17, P < 0.05), soil C:N ratio (R2 = 0.228, P < 0.05), and DON (R2 =
0.215, P < 0.05) (Supplementary Table 4). Additionally, soil abiotic characteristics were
significantly correlated with PLFA microbial community as indicated by the Mantel test (r =
0.231, P = 0.0009).
There was no difference in the relative biomass of primary microbial groups across
treatments (Supplementary Table 3), except for gram-positive bacteria (F2,23 = 7.49; P < 0.01).
Tukey HSD test indicated that the CB treatment had significantly more gram-positive bacteria
than both the C (p < 0.001) and CO treatments (P < 0.01), while the CO treatment had elevated
gram-positive abundances relative to the control but was non-significant (P = 0.06). In addition,
there was also no difference in the ratio of fungi to bacteria (F2,23 = 0.389; P = 0.685).
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SUPPLEMENTARY LIST OF FIGURES AND TABLES: PRELIMINARY STUDY
Supplementary Figure S2: Preliminary study principal coordinates axes of soil abiotic
characteristics (pH, moisture, labile C, DOC, DON, DOC:N Ratio, inorganic N, total C:N Ratio)
using Euclidean dissimilarities between samples. There was strong separation in soil abiotic
characteristics in carrion addition plots relative to the control in the preliminary study conducted
in the summer of 2017. Squares indicate controls (C), circles indicate carcass only (CO), and
triangles indicate burying beetle plots (CB). Soil abiotic characteristics with a covariance greater
than 0.3 were retained (indicated by arrows).
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Supplementary Figure S3: Preliminary study NMDS ordination of microbial community
abundances by treatment as measured by phospholipid fatty acid (PLFA) analysis in the summer
of 2017. Carrion addition treatments differed relative to the control. Microbial PLFA abundances
were significantly correlated with soil labile carbon and C:N ratio. Squares indicate control (C),
circles indicate carcass only (CO), and triangles indicate burying beetle plots (CB). Soil abiotic
characteristics with a correlation of 0.1 or greater were retained (indicated by arrows).
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NO3- (µg N g-1 soil)

2.8 ± 0.81

3.6 ± 1.29

3.3 ± 1.69

0.781

Total C (%)

17.9 ± 2.9

15.7 ± 2.52

12.8 ± 1.56

0.634

Total N (%)

0.84 ± 0.11

0.93 ± 0.12

0.81 ± 0.085

0.801

15.9 ± 0.78 **
3984 ± 750
2659 ± 361 ***
1.9 ± 0.32 ***

< 0.001
0.214
< 0.001
< 0.001

C:N
19.9 ± 0.94
16.2 ± 0.61 **
-1
MBC (µg g soil)
2330 ± 278
3145 ± 384
-1
MBN (µg g soil)
394 ± 49
2553 ± 591 ***
MBC:N
7.0 ± 0.37
1.7 ± 0.14 ***
* significant at P < 0.05; ** P < 0.01; *** P < 0.001 relative to the control.
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Supplementary Table S2: Preliminary study soil characteristics (means ± 1SE; n (2017): C = 15; CO = 15; CB = 7. Effects of
treatment were tested with a one-way ANOVA. Treatment level differences were determined by Tukey-pairwise comparisons.
Treatment
Control (C)
Carcass Only (CO)
Carcass Burying Beetle (CB) P-value
pH
4.6 ± 0.16
5.9 ± 0.14 ***
6.3 ± 0.16 ***
< 0.001
Moisture
0.39 ± 0.04
0.56 ± 0.09
0.59 ± 0.08
0.253
-1
Labile C (µg C g soil)
2693 ± 299
4902 ± 938
5008 ± 753
0.088
-1
DOC (µg g soil)
811 ± 135
3992 ± 1486 ***
3587 ± 983 ***
< 0.01
-1
DON (µg g soil)
103 ± 13
3218 ± 244 ***
3177 ± 342 ***
< 0.001
DOC:DON
10.5 ± 1.46
1.19 ± 0.35 ***
1.19 ± 0.23 ***
< 0.001
+
-1
NH4 (µg N g soil)
59 ± 3.99
40 ± 6.51
32 ± 6.64 *
0.043

Supplementary Table S3: Preliminary study soil microbial biomass as estimated by phospholipid fatty acid (PLFA) analysis
(nmol g-1 dry soil) (means ± 1SE; n (2017): C = 15, CO = 15, CB = 7; Effects of treatment were tested with a one-way
ANOVA.
Treatment
Control (C)
Carcass Only (CO) Carcass Burying Beetle (CB)
P-value
2017
Total microbial biomass
236 ± 26
260 ± 15
378 ± 51
0.063
Fungi
15.6 ± 1.3
16.8 ± 1.6
24.7 ± 3.8
0.091
Bacteria
204 ± 25
225 ± 13
326 ± 43
0.068
Gram-negative bacteria
138 ± 22
141 ± 9
193 ± 60
0.256
●●
Gram-positive bacteria
65.1 ± 4.7
83.4 ± 5.4
131.9 ± 19.3 ***
0.007
Fungi:bacteria Ratio
0.081 ± 0.001
0.073 ± 0.004
0.074 ± 0.004
0.686
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* significant at P < 0.05; ** P < 0.01; *** P < 0.001 relative to the control.
●
significant at P < 0.05; ●● P < 0.01; ●●● P < 0.001 relative to carcass only treatment.

Supplementary Table S4: Preliminary study soil abiotic attribute correlations with NMDS
ordination axes.
2017 Environmental Correlations
Response Variable
NMDS1 NMDS2
r2
pr(>r)
Labile C
-0.563
0.826
0.252
0.035 *
NO3
0.259
-0.965
0.067 0.303
NH4+

-0.021

-0.99

0.080

0.265

Moisture
pH
Soil C:N
DOC
DON
DOC:DON

-0.875
0.124
-0.897
-0.295
-0.281
-0.018

0.482
0.992
-0.442
0.955
0.959
-0.999

0.139
0.171
0.179
0.195
0.215
0.050

0.091
0.033 *
0.030 *
0.064
0.015 *
0.395
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APPENDIX B: CHAPTER 4 SUPPLEMENTARY MATERIAL
SEMI-STRUCTURED INTERVIEW FORMAT AND QUESTIONS.
Introduction
• Introduce myself
• The purpose of this interview is to further understand your experience with Science Friday during
the school year.
• By signing the assent form at the beginning of the school year, you agreed to participate. Your
participation will remain anonymous. Do you mind if I audio-record the interview? I will not use
your name while recording.
• I am first going to ask you several general questions. Then, I will ask you more specific questions
to answer. If at any time you do not want to answer a question, you may say so, and we will move
on to the next question.
Part I: General Questions
1. Will you tell me about your favorite class?
2. What do you like and dislike about science class?
3. Can you tell me about a time that you participated in science program after-school or in the
summer?
4. Can you tell me about a time that you have done a research experiment before?
5. Can you tell me about any of your friends or family’s experience with science?
Part II: Research Experience Questions
Note: Sub-questions under each initial question should be posed only if students do not address
them in their initial response. Questions may be answered out of order.
1. Tell me about Science Friday – how would you describe it to someone who has no idea what is is
and never participated?
a. Ask to expand on why they think it is “fun, cool, ect” if they say this
2. What is the 1st think you do when you walk into the classroom on Science Friday?
a. Who do you talk to?
b. What parts can’t you wait to do?
c. What parts can’t you wait to be over?
3. Do you ever think about science Friday in science class?
4. Do you ever talk about Science Friday at home or at school?
a. Who do you talk to?
b. What do you talk about when you talk about Science Friday?
5. What did you think about using all the steps of the scientific method for your experiments?
a. Did you like repeating the scientific method with new experiments?
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6. How did you feel about using DIFFERENT experiments with the scientific method.
7. Were there specific stages of the scientific method that you liked of each experiment (i.e design,
collect, reflect)?
8. What was your favorite Science Friday experiment?
a. Why?
Note: [frame Q6 using the answer from question 5]
9. Do you ever think about [soil/microbes/animals] and ask new questions you would want to study?
a. How would you approach answering your new research question?
10. How did you feel about getting to choose your own research question and variables?
a. How did you feel the first time (for the microbial biodiversity) you had to choose your
question and variables?
11. Did you work in a group or individually for Science Friday?
[ask Question a, b, and c for both individual and groups, question d for groups only]
a. How did you/your group come to a decision about what you would study?
b. How difficult was it to come to a decision (together)?
c. Once your group had your results for your experiment, did you feel like that result was
yours?
d. What was your role in the group?
12. Is there anything else you want to add about Science Friday?
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Supplementary Table S6: Codebook used for thematic analysis of student interviews.
Code
Definition & Classification
The direction of the student’s shift in their perceived ability to complete tasks associated with the scientific
process.
- Increase
- No change
- Decrease

Self-efficacy change
-

Self-efficacy source

Mastery: Students’ own personal experience and the outcome of those experiences during the scientific
process.
Vicarious: Student task efficacy changes because of watching peers they relate to accomplish a task.

Emotional: The feelings a student experiences while completing scientific process tasks influences how they
feel about their perceived ability.
Ownership
When students identify the research project and data as theirs; something that was uniquely theirs.
Pedagogical style

Hands-on: The act of doing a task.
Novelty: Activities which challenge and/or contrast with students’ experience with school, including activities
that deviate from student expectations from what school is supposed to be.
Choice: The ability of the student to exert control/preference on the directionality and topic of their project.
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Social Persuasion: When feedback provided to students from another individual influences their perceived
ability to accomplish a task.
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